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Abstract
A UNIFIED APPROACH TO M DWARF AGES
by
ROCIO AYELÉN KIMAN
Advisors: Prof. Kelle Cruz & Dr. Jacqueline K. Faherty
Determining stellar fundamental properties is the basis for much of astrophysics. Over the
past century, scientific knowledge has progressed to the point that stellar mass, radius, effective
temperature, and chemical composition can be measured from observables. Age, however, is an
extremely difficult property to measure for individual stars. Low-mass stars, or M dwarfs, are
the most numerous stars in the Galaxy and are likely to host the majority of small, rocky, and
potentially habitable Earth-like exoplanets. Knowing the age of the host stars is currently the only
way to get the age of the exoplanets orbiting them, which is a key property to studying planetary
evolution and habitability. However, ages of M dwarfs are especially difficult to diagnose: methods
used for solar-type stars break down when used for lower-mass stars. This dissertation focuses on
developing a method to estimate ages for M dwarfs.
This dissertation consists of three parts which lead to the estimation of M dwarf ages. For
the first part of this dissertation I analyze three age indicators for M dwarfs: position in the
color–magnitude diagram (proxy for mass and luminosity), Hα emission line (magnetic activ-
ity indicator), and movement of the star in the galaxy, or 3D kinematics. To perform this study, I
compile a sample of 74,216 M and L dwarfs constructed from two existing catalogs of cool dwarfs
v
spectroscopically identified in the Sloan Digital Sky Survey (SDSS). To obtain the 3D kinemat-
ics and position in the color–magnitude diagram, I cross-match the sample from SDSS with Gaia
DR2, which provided distances and proper motions with unprecedented precision. Using this sam-
ple, I study magnetic activity as a function of position on the color–magnitude diagram. I find that
stars that are magnetically active according to Hα have, on average, redder colors and/or brighter
magnitudes than inactive stars. In addition, by studying tangential velocity—proxy for 3D kine-
matics—as a function of position in the color–magnitude diagram, I find that stars below the main
sequence have high tangential velocity. This is consistent with an old population of stars with low
metallicity that belong to the halo or thick disk. Moreover, I find that vertical velocity and vertical
action—a proxy for the highest point in a star orbit—dispersion are correlated with Hα emission,
confirming that these two parameters are age indicators.
For the second part of this dissertation, I calibrate the relation between Hα emission and age for
M dwarf. I compile a calibration sample of 892 M dwarfs with Hα equivalent width measurements
from the literature, and with known ages because they have a white dwarf co-mover or belong to a
known young association. Known young associations have well calibrated ages, and white dwarf
ages can be estimated combining cooling and stellar evolutionary models. I create an open-source
Python package to estimate white dwarf ages in a Bayesian framework, called wdwarfdate, and
use it to date this sample. By dividing the age-calibrators into active and inactive categories ac-
cording to their Hα equivalent width and spectral type, I find that the fraction of active M dwarfs
decreases with increasing age and that the steepness of the decline depends on spectral type. More-
over, I find that Hα equivalent width and fractional Hα luminosity decrease with increasing age
vi
for M dwarfs.
For the third part of this dissertation, I combine the relation between active fraction described
above, with the relation between 3D velocities and age in a Bayesian framework. I make this
method available in the open-source Python package mdwarfdate. I test the performance of this
method on simulated data and on M dwarfs with known ages, and I find that the method is able
to recover the true age of the stars. I also find that the precision of this estimation is better for
young and intermediate-age stars than for old stars (> 5 Gyr). In addition, I use mdwarfdate to
estimate ages for two samples of M dwarfs –including the sample of 74,216 stars I compiled in the
first part of my thesis– which contain Hα measurements, 3D velocities, and some rotation period
measurements. Using these samples of M dwarfs with ages, I study the relation between fractional
Hα luminosity and age, and rotation period and age. I conclude that to include rotation period in
mdwarfdate, I first need a method to distinguish fast and slow rotators, and Hα might be the
index needed.
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Chapter 1
Introduction
I can’t stop drinking the coffee, I stop
drinking coffee, I stop doing the standing,
and the walking, and the
words-putting-into-sentences doing.
Gilmore Girls
Stars, like the Sun, are hot glowing balls of mostly hydrogen gas. They are in hydrostatic
equilibrium with inward gravitational contraction balanced against the outwards radiation pressure
generated by the burning of hydrogen into helium in the core. A star is characterized by its mass,
effective temperature and radius. According to their mass, stars will have different properties and
evolution. The masses of the stars range from ∼ 0.08 M to ∼ 300 M, where M is the mass of
the Sun which is 2×1030 kg. In this context, the Sun is considered a dwarf star, but there are still
stars much smaller that the Sun. At masses between 0.08 − 0.6 M stars are classified—according
to the features and lines in their spectrum—with the spectral type M, and are called M dwarfs.
These are the smallest and coolest stars in the Galaxy–without counting L dwarfs–, and can behave
1
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very differently from the Sun.
M dwarfs are the most numerous stars in the Galaxy (Bochanski et al., 2010) and are likely
to host the majority of small, rocky, and potentially habitable Earth-like exoplanets (Dressing &
Charbonneau, 2015). Knowing the age of the host stars is currently the only way to get the age
of the exoplanets orbiting them, which is a key property to studying planetary evolution and study
habitability. Understanding M dwarf evolution and estimating their ages are the main goals of this
dissertation.
Figure 1.1 Artistic representation of M dwarf magnetic activity evolution, going from active to
inactive from left to right. Credit: Gabriela Basin.
As mentioned above, M dwarfs have masses between 0.08 − 0.6 M, with an interesting tran-
sition happening in the middle of the range. While higher mass M dwarfs are partially convective,
which means they have a radiative core and a convective envelope, the lowest mass M dwarfs,
meaning M≤ 0.35 M, are fully convective (See Figure 1.2, Chabrier & Baraffe, 1997). A radia-
tive core means that the energy is transferred by radiation from the center of the star to an external
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layer, and the convective envelope means that after a certain height, the energy is transferred by
convection. Objects which are fully convective are usually referred to as very low-mass stars. As
explained in Sections 1.1 and 1.2, this difference generates a change in the magnetic field of the
star and in the evolution of the rotation period.
Figure 1.2 Representation of partially and fully convective stars.
Notes: Representation of the heat transfer in partially and fully convective stars. From left to right: high-mass stars
have a convective core and a radiative envelope, Sun-like stars have a radiative core and a convective envelope, and
the lowest mass stars are fully convective. References www.sun.org.
Stellar age is one of the most difficult fundamental properties to measure. Other fundamen-
tal properties such as effective temperature (e.g., Ness et al., 2015; Mann et al., 2015; Birky
et al., 2020), radius (e.g., Kesseli et al., 2018), luminosity (e.g., Reid & Cruz, 2002), metallicity
(e.g., Bochanski et al., 2013; Newton et al., 2014; Schmidt et al., 2016) and mass (e.g., Boyajian
et al., 2012; Mann et al., 2019), can be measured using spectroscopy, photometry, and astrometry.
Although age is related to all of these properties, estimating precise ages is one of the hardest
problems in astronomy. This is particularly true for M dwarfs (Soderblom, 2010). In spite of the
difficulty of the problem, there are some age-dating methods for high-mass stars. One of the most
common methods to estimate ages of stars uses stellar evolutionary models to calculate isochrone
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sequences, which allows age estimation of a star from its luminosity and effective temperature.
M dwarfs stay on the main-sequence for ∼ 1.0× 1013 yr (Laughlin et al., 1997), thus their lumi-
nosity changes slowly during their lifetime. This makes the isochrones for M dwarfs at old ages
(> 1 Gyr) look very similar, rendering this method difficult to apply (Chabrier & Baraffe, 1997).
In addition, stellar evolutionary models have not been able to reproduce the evolution of low-mass
stars, making the isochrones imprecise. Another method to estimate ages is called asteroseis-
mology, which studies oscillations in stars from a light-curve that provides information about the
interior of the star, and its age (e.g., Chaplin et al., 2014). It is a common age-dating method for
giant stars but cannot be applied to M dwarfs because their acoustic oscillations have extremely
small amplitudes and short timescales (Rodríguez et al., 2016).
Currently, the best methods to estimate ages of M dwarfs are: 1) using empirically calibrated
relations for age-related parameters (e.g. Hα, UV, 3D velocities), or 2) use a method independent
of the star properties, but that depends on another star which is co-moving with them. Below,
I review age-related parameters for M dwarfs, and the work done to calibrate age relations. In
addition, I describe a few ways to estimate ages independently of M dwarf properties.
1.1 Rotation periods
I will start by describing rotation period because it is tightly correlated with age and magnetic
activity, which is a main age indicator in this dissertation. The evolution of rotation period with
age for solar-type stars is well understood. However, there are still a lot of unknowns for low-mass
stars (Bouvier et al., 2014).
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The difference in rotation period evolution between partially and fully convective stars can be
seen in Figure 1.3 for both data and theoretical models. The top panel of Figure 1.3 shows the study
of solar-type stars done by Gallet & Bouvier (2013), and the bottom panel shows very low-mass
stars studied by Irwin et al. (2011).
A star is born with an initial rotation period between ∼ 1 − 10 days at around 2 Myr old, ac-
cording to the environmental formation conditions (Littlefair et al., 2010; Irwin et al., 2011; Gallet
& Bouvier, 2013). During the pre-main-sequence stage, the star will contract under the effect of
gravity, thus reducing its radius. By conservation of angular momentum, this will make the star
spin up. However, the rotation period of the star is fixed during its first few million years due to
star-disk interactions such as disk locking (Collier Cameron et al., 1995; Rebull et al., 2004) and
accretion driven winds (Matt & Pudritz, 2005; Littlefair et al., 2010), which counteracts the spin
up. The age at which a star will begin to spin up and the length of this stage depends on the initial
rotation period and the convective turnover time of the convective envelope (Littlefair et al., 2010;
Barnes & Kim, 2010). By comparing the two panels in Figure 1.3, it’s evident that the solar-type
spin up phase ends around 50 Myr but for very low-mass stars it lasts around 100 Myr.
If the star is born with a fast rotation period, I am going to call its evolution with time fast-
rotator sequence (top curve in both panels of Figure 1.3). If the initial rotation period is slow, I am
going to call it slow-rotator sequence (bottom curve in both panels of Figure 1.3). After the star
stops contracting and reaches the zero age main sequence (ZAMS), the star begins spinning down,
and the fast-rotator sequence converges into the slow-rotator sequence. The large-scale magnetic
field of the star is responsible for the spin down, through a process called magnetic braking. Once in
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the slow-rotator sequence, the star will spin down gradually, which is used to define a clear relation
between rotation period, mass, and age, called gyrochronology. At an age of 0.5−0.6 Gyr all solar-
type stars have reached this sequence, thus making it possible to calibrate their gyrochronology
relation (Skumanich, 1972; Barry, 1988; Soderblom et al., 1991; Barnes, 2003, 2007; Mamajek
& Hillenbrand, 2008; Angus et al., 2015, 2019). Very low-mass stars have a spin down timescale
much longer than solar-type stars (Irwin et al., 2011; McQuillan et al., 2013). Thus at field ages
there is a bi-modality where there are stars on the slow-rotator sequence, but a big fraction are still
on the fast-rotator sequence, as shown in the bottom panel of Figure 1.3. This cannot be explained
with the models used for solar-type stars (Bouvier et al., 1997; Irwin et al., 2011). Thus, there are
still several issues to solve before it is possible to define a gyrochronology relation for M dwarfs.
1.2 Magnetic activity and Hα emission line
As mentioned in Section 1.1, there is a tight relation between differential rotation in solar-
type stars and their magnetic activity (Skumanich, 1972; Barry, 1988; Soderblom et al., 1991;
Mamajek & Hillenbrand, 2008). Solar-type stars have a radiative core and a convective envelope
which decouple a few million years after the formation of the star (e.g., Gallet & Bouvier, 2013;
Spada & Lanzafame, 2020). As a consequence, the two parts rotate at different velocities and
at the interface a dynamo is generated, which is responsible for the magnetic field of the star at
the surface (Parker, 1955; Brown et al., 2010). In addition, differential rotation in the convective
envelope can modify the morphology of the magnetic field (Garraffo et al., 2016). For example, a
faster rotation at the equator than at the poles can generate the transformation of a poloidal field
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Figure 1.3 Figure from Irwin et al. (2011, bottom) with the permission of Dr. Irwin, and figure
from Gallet & Bouvier (2013, top), with the permission of Dr. Gallet. Rotation period evolution
for solar-type and low-mass stars.
Envelope
Core
Notes: The top panel shows the rotation evolution for solar-type stars, with figure adapted from Gallet & Bouvier
(2013). That work compared the evolutionary models for rotation period of fast-rotators (blue), intermediate-rotators
(green) and slow-rotators (red). They compared these models to data from young associations (Black points), and the
Sun (empty black circle). The bottom panel shows the rotation evolution for very low-mass stars, from Irwin et al.
(2011). It shows examples of rotation evolutionary models for fast-rotators (top curve) and slow-rotators (bottom
curve). They compared these models to data from young associations (Black points) and fields stars (Black points in
the gray vertical bars). The ages for the fields stars were estimated from kinematics.
into a toroidal configuration (Ossendrijver, 2003; Miesch, 2005). As discussed in Section 1.1,
magnetic fields are responsible for the spin down of a star, and at the same time rotation generates
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magnetic fields. Therefore these two components evolve together with time, and this feedback will
continue as long as rotation and magnetic fields are connected by a global dynamo (Metcalfe &
Egeland, 2018). In conclusion, the magnetic activity of a star should decrease with age, as the
rotation period of a star spins down. In the case of stars with masses < 0.35 M, as mentioned in
the previous section, they are fully convective (Chabrier & Baraffe, 1997). Therefore there is no
interface to produce a solar-type dynamo. In spite of this, a strong correlation between rotation,
age, and magnetic activity is found for fully convective M dwarfs (Eggen, 1990; Fleming et al.,
1995; Delfosse et al., 1998; Mohanty & Basri, 2003; Reiners et al., 2012; West et al., 2006, 2008b,
2015; Newton et al., 2017; Riedel et al., 2017). In particular, Newton et al. (2017) studied the
relation between fractional Hα luminosity (LHα/Lbol), a magnetic activity indicator which will
be discussed later in this section, as a function of the Rossby number (Ro), which is defined as
the rotation period divided by the convective overturn timescale. They found that the magnetic
activity is saturated up to Rosat = 0.21± 0.02, and then declines with a power-law relation. They
associated this power-law decay with stars rapidly spinning down to converge into the slow-rotation
sequence. They also found the same relation for both fully and partially convective stars, which
might indicate that the relation between magnetic activity and rotation period is independent of the
underlying dynamo.
Magnetic fields can be study for faint stars by measuring the Zeeman effect in spectral lines,
which generates the splitting of most atomic lines (Kochukhov, 2021). However high resolution
spectra (R> 50000) is needed to measure magnetic fields of M dwarfs. Therefore, the study of
magnetic activity with a large enough sample to obtain statistical significance relies on magnetic
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activity indicators which are easier to measure in large quantities, some of which are described
below.
The atmosphere of stars is composed of four layers which are, from the innermost to the out-
ermost: 1) the photosphere, where star spots are formed; 2) the chromosphere; 3) the transition
region; 4) the corona (Athay, 1976). Though the temperature, pressure, and height of each layer
are different for solar-type and low-mass stars, the structure of the atmosphere is similar for both
(Linsky, 2017). When the magnetic field threads through the atmosphere of the star, it heats the
chromosphere and the corona, generating collisionally induced atomic emission (including the Hα
emission line), UV and X-ray emission. As a consequence, Hα, UV and X-ray emission are mea-
surable evidence of surface magnetism that can be used as magnetic activity indicators. The Ca II
H and K lines are another well-studied magnetic activity indicator, and it has been shown that they
might trace magnetic activity better than Hα (Skumanich, 1972; Cincunegui et al., 2007; Walkow-
icz & Hawley, 2009; Gondoin, 2018; Booth et al., 2020). However, measuring the Ca II H and
K lines requires spectra of higher resolution than Hα, which makes the latter an easier magnetic
activity indicator for ground based statistical studies.
The Hα emission line (6563Å) is a well-studied magnetic activity indicator for M dwarfs (e.g.,
Hawley et al., 1996; West et al., 2006, 2008b, 2011; Schmidt et al., 2015). It is the first Balmer
line, generated from the decay of an electron from the second to first excitation level of a hydrogen
atom, which is the main component of the dense chromosphere (Stauffer & Hartmann, 1986).
Therefore the Hα equivalent width (HαEW) is an indirect measurement of the chromospheric
magnetic activity of a star, where the equivalent width is defined as the area below the spectral line
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where FC is the intensity on either side of the line and Fλ is the intensity below the emission or
absorption line. One of the biggest advantages of the Hα line is that only low-resolution spectra
(R∼ 2000) is needed to measure it. Therefore it is relatively easy to obtain statistically significant
samples of M dwarfs with Hα measurements (West et al., 2011; Schmidt et al., 2015) thanks to
spectrophotometric surveys like the Sloan Digital Sky Survey (SDSS, York et al., 2000), which has
been taking data for more than two decades, including large quantities of low-resolution spectra on
the northern sky. The Hα line is extremely variable, so a high number of measurements are needed
to find trends (Lee et al., 2010; Bell et al., 2012).
As discussed above, given that magnetic activity is driven by the rotation of the star, it is
expected that magnetic activity decreases with time, as the star spins down. Previous studies
have confirmed that Hα emission is correlated with age by using kinematics as an age indicator
(Gizis et al., 2002; West et al., 2008b; Kiman et al., 2019). Kinematics as an age indicator is
discussed in Section 1.3. West et al. (2008a) found a functional form for the Hα age–activity
relation modeling the relation between kinematics and age. Kiman et al. (2021) found the first
empirical relation between Hα and age for M dwarfs up to 776 Myr. Both works agree that the
fractional Hα luminosity (LHα/Lbol) decreases with time.
The Hα and Ca II H and K lines have photospheric components as well, which might affect the
interpretation of these lines. In particular, the photosphere produces an Hα absorption line, while
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the chromosphere produces an emission line. Therefore the resulting observation is going to be
the sum of the two, meaning that Hα is only observable when its emission line is stronger than
the absorption component. The X-ray emission is produced from the corona, a plasma which is
collisionally excited and therefore heated (Raymond & Smith, 1977). Given that X-ray luminosity
does not have a photospheric component, this radiation can be associated with magnetic activity.
Booth et al. (2017) studied the relation between X-ray luminosity and age, and found a saturated
regime up to a few million years, followed by a power-law decay.
Emission in the UV has been shown to come from different regions of the chromosphere, and
it is also a magnetic activity indicator (Shkolnik et al., 2011; Linsky, 2017). Previous studies have
shown that UV emission evolves with time in a similar way as X-ray emission does, meaning a
saturated regime and then a power-law decay (Schneider & Shkolnik, 2018). Stelzer et al. (2013)
found a correlation between the fluxes in UV, X-ray, and Hα, which agrees with the idea that all of
these indicators are related to magnetic activity and evolve with age in a similar way.
1.3 Galactic kinematics
The two age indicators described so far—rotation and magnetic activity—depend mostly on
processes happening inside the star. The 3D kinematics of the object, meaning how it is moving in
the Galaxy, is also related to age and it is not dependent of internal processes.
Some of the components of our Galaxy, the Milky Way, are a plane disk of stars with a thin
and thick components, a bulge at the center, and a halo surrounding the other parts. The plane
of the Galaxy has a radius of 15 kpc, and the Sun is located at around 8 kpc from the galactic
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center. Everything that is within 1 kpc from the Sun is considered the solar neighbourhood (Carigi,
2011). The disk of the Galaxy can be divided in two parts: the thin and thick disk, where the
first one is found to be younger than the second one. Stars are born close to the plane of the
Galaxy, with orbits that have a small or null vertical component. As stars get older, gravitational
interactions with giant molecular clouds (GMC) (Spitzer, Lyman & Schwarzschild, 1951, 1953),
other passing stars, and the spiral arms of the Milky Way (Barbanis & Woltjer, 1967) alter their
orbits by increasing eccentricity and inclination. As a consequence, some stars separate from the
plane of the Galaxy as they age. This relation between kinematics and age is generally known
as the age-velocity relation (AVR), which states that the velocity dispersion of a coeval group of
stars increases as σ ∝ tβ , where t is the stellar age and β = 0.5 for the vertical velocity in the solar
vicinity (Strömberg, 1946; Wielen, 1977; Hänninen & Flynn, 2002).
As mentioned above, two of the main sources of kinematic heating are GMCs and perturbations
caused by the spiral arms of the Galaxy. These two types of interactions can explain the observed
heating of the thin disk, but cannot reproduce the heating of the thick disk (Jenkins & Binney,
1990; Aumer et al., 2016b). To reproduce the heating of both thin and thick disk in a simulation it
is necessary to include several other properties which affect the evolution of the Galaxy, but most
importantly that the influence of the GMC was larger when the Galaxy was young and it decreases
with time due to the star formation rate decreasing with time (Lacey, 1984; Aumer et al., 2016a;
Ting & Rix, 2019). However, these models are still not complete because they do not include other
effects, such as big mergers that happened to the Galaxy (Helmi et al., 2018).
Both the radial and vertical component of the orbit of a star could be affected by the spiral
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arms of the Galaxy (Spitzer, Lyman & Schwarzschild, 1953). However, the current general picture
is that the GMC are mostly responsible for the vertical heating, while the spiral arms influence
the radial direction (Jenkins & Binney, 1990). In agreement with this idea, it has been found
that the AVR for the vertical and radial velocities have slightly different power-law coefficients β
(Nordstrom et al., 2004; Aumer et al., 2016a; Yu & Liu, 2018; Mackereth et al., 2019). Mackereth
et al. (2019) performed one of the most recent studies of the AVR for red giant branch stars from
the Apache Point Observatory Galactic Evolution Experiment (APOGEE, Majewski et al., 2017)
DR14. They studied the AVR including stars of different metallicity and at different galactic radius,
meaning not only the solar neighbourhood. They found power-law indices for the vertical and
radial AVRs in agreement with previous results, where βZ ∼= 0.5 and βR ∼= 0.3 in the solar vicinity.
They also studied the dependence on metallicity, and found that it does not affect the AVR in the
solar neighbourhood, but it does affect βR at larger distances. The data they used in their study
is shown in Figure 1.4 for the vertical and radial galactic velocity dispersion as a function of age.
The work done by Yu & Liu (2018) used the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST, Cui et al., 2012; Liu et al., 2014) survey, and by fitting their data for the
coefficients above for the solar vicinity ([Fe/H]> −0.2 dex and |z| < 270 pc) βZ = 0.54±0.09 and
βR = 0.45±0.07 was found, which are close to the values found by Mackereth et al. (2019).
The AVR provides a statistical method to estimate ages of field stars (Schmidt et al., 2007;
Zapatero Osorio et al., 2007; Faherty et al., 2009; Reiners & Basri, 2009). The astrometric sur-
veys Gaia DR1, DR2, and EDR3 (Gaia Collaboration et al., 2016, 2018b; Brown et al., 2021),
and the soon to be released DR3, are providing proper motion, parallaxes, and radial velocities
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Figure 1.4 Figure from Mackereth et al. (2019), with the permission of Dr. Mackereth. Example
of age-velocity relation.
Notes: Age-velocity relations found by Mackereth et al. (2019) for the vertical and radial components of the galactic
velocity of red-giant branch stars.
with unprecedented precision, transforming the AVR into an even more powerful tool than it was
already. Several studies have used kinematics from Gaia to obtain ages of stars with good results
(Stanford-Moore et al., 2020; Lu et al., 2021).
One of the strongest assumptions done when using the AVR, is that the same relation is valid
across all mass range. The AVR from Wielen (1977) was obtained for solar-type stars, while Yu &
Liu (2018) used sub-giant/red-giant branch stars and Mackereth et al. (2019) used a sample of red-
giant branch stars. Gaia DR3 will provide radial velocities for thousands of early type M dwarfs,
which will corroborate that this relation is valid for lower mass stars. However, so far there has not
been previous evidence of a mass-dependent heating for M dwarfs (Faherty et al., 2009; Newton
et al., 2016; Angus et al., 2020).
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1.4 Metallicity
In this section, I briefly describe metallicity, another important age indicator, which although
it is not included in this dissertation, is an important part of my future work. The metallicity of
a star is defined as the abundance of elements which are heavier than hydrogen and helium in
the object. Stars which are called metal-rich in Astronomy, normally contain high abundances
of carbon, nitrogen, oxygen and/or neon. A common way to measure metallicity of a star is to
measure the abundance ratio of iron against hydrogen ([Fe/H]). This is defined with respect to the







and thus [Fe/H] = 0 is the metallicity of the Sun. Another common way to measure the metallicity
of a star is with the ratio of the abundance of the α-elements like oxygen and silicon, with respect
to iron ([α/Fe]). These elements are mostly produced by Supernovae (SNe) of type II, which are
explosions of high-mass stars, while iron is mostly produced in SNe of type I, which happens
during a mass transfer of a binary. Both [Fe/H] and [α/Fe] are correlated with age as shown by
Figure 1.5 from Mackereth et al. (2019). This relation comes from the idea that at the beginning
the Universe was made mostly of hydrogen and as stars were formed and evolved, they returned
heavier elements into molecular clouds, from which new stars were formed. Therefore, old stars
should be more metal-poor than young stars. This makes metallicity an important age-indicator to
take into account.
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Figure 1.5 Figure from Mackereth et al. (2019), with the permission of Dr. Mackereth. Relation
between metallicity and age.
Notes: Relation between two metallicity indicators [α/Fe] and [Fe/H] and age obtained by Mackereth et al. (2019) for
a sample of red-giant branch stars from APOGEE.
1.5 Independent methods
So far I have described age indicators which are related to a particular observable property of
a star. Thus, all of the methods described depend strongly on our understanding of M dwarfs.
Luckily, there are other methods to estimate ages of M dwarfs which do not depend on the star
itself. The age of an M dwarf can be estimated using other types of stars if it: 1) belongs to a
moving group, or 2) it is a binary with a star of known age. In this section I describe these two
methods.
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1.5.1 Moving groups
Moving groups and other coeval associations are ensembles of stars that are born from the
same molecular cloud with common space velocities and a small spread of ages (Bell et al., 2015).
As a consequence, the stars from the same association form a well defined sequence in the color–
magnitude diagram. Their age is normally estimated looking for the isochrone sequence that fits
best the stars of the group. As mentioned at the beginning of this Chapter, the isochrone fitting
method does not work for low-mass stars, but it is extremely efficient for higher mass stars that
evolve in a short amount of time (millions of years). Therefore, the age of the group is estimated
with the isochrone that fits best the higher mass or evolved stars. With this method, ages of associ-
ations are well calibrated down to a precision of a few million years (Soderblom, 2010; Bell et al.,
2015).
The age of the association can be extrapolated to M dwarfs, if the stars can be identified as
members. The Gaia mission (Gaia Collaboration et al., 2016) has had a huge impact in this area.
By providing proper motions, parallaxes, and radial velocities of unprecedented precision, not only
were all the members of known associations revised, but new associations were also identified.
(Oh et al., 2017; Faherty et al., 2018; Gagné & Faherty, 2018; Gagné et al., 2018a, 2020). The
BANYAN Σ Bayesian membership classification algorithm (Gagné et al., 2018c)1 also plays a key
role in the identification of members. This code estimates the probability of a certain star to be a
member of a young association within 150 pc from the Sun from its proper motion, radial velocity,
and parallax. This type of tool plus the new data available and data that will become available
1The IDL version is available at https://github.com/jgagneastro/banyan_sigma_idl. The
Python version is also available at https://github.com/jgagneastro/banyan_sigma, and the web por-
tal is available at http://www.exoplanetes.umontreal.ca/banyan/banyansigma.php.
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(Gaia DR3, DR4, and DR5), provide a powerful tool to estimate ages of M dwarfs.
1.5.2 Co-moving pairs
In a similar way as moving groups, binary stars are born from the same molecular cloud at the
same time (Bodenheimer, 2011). Therefore, these two stars will have the same age, 3D velocity,
and distance. As a consequence, if an M dwarf co-moving with another star of known age can be
identified, it can be assumed that they will be coeval. Main sequence stars that have a known age
from isochrone fitting, asteroseismology, or gyrochronology can be used in this method. Another
example are white dwarfs, the last stage of the evolution of stars with masses in the range 0.5 −
8M. As I will discuss in Chapter 4, the total age of a white dwarf can be estimated by adding the
white dwarf cooling age and the main-sequence age of the progenitor star (Fontaine et al., 2001).
The cooling stage of a white dwarf is well studied and the current models reproduce cooling ages
with a precision of a few Myr (Fouesneau et al., 2019). Thus if an M dwarf is co-moving with a
white dwarf, it is possible to estimate its age. In addition, if the two stars are widely separated, it
can be assumed that they evolved as separated objects, and used as age calibrators (e.g., Silvestri
et al., 2005; Rebassa-Mansergas et al., 2013; Booth et al., 2020).
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1.6 Motivation and Outline
I have described several age-related parameters in this Section: rotation periods, magnetic
activity, 3D kinematics, and metallicity. However, currently it is not possible to obtain a precise
age estimation from these parameters for an M dwarf. In the case of rotation periods, there is no
gyrochronology relation of M dwarfs as described in Section 1.1, because of the lack of data of old
stars and also because the models cannot reproduce the available data yet. Most of the rest of the
parameters have an empirically calibrated relation with age, although they tend to be imprecise.
For example, magnetic activity indicators present a long saturated regime where the value of the
magnetic activity indicator cannot distinguish between ages, and then a fast decrease of the activity.
Old stars become inactive, making the magnetic activity indicator useless. The relation between
kinematics and age is through a velocity dispersion, therefore age can be estimated from the stars
kinematics, but with a large uncertainty (several Gyr).
Burgasser & Mamajek (2017) used an interesting method to combine the information from
different age indicators to estimate the age of TRAPPIST-1, which is an M8 star (Gillon et al.,
2016). The most important constraint for the calculated age comes from kinematics and metallicity,
although they used more indicators, which provided lower limits to the age. They combined the
probability distribution functions obtained for kinematics and metallicity with the lower limits to
estimate an age for TRAPPIST-1, however they did not use a robust model for each parameter or
their combination.
Angus et al. (2019) showed that by combining isochrone fitting and gyrochronology in a
Bayesian framework, they could improve the age estimation for K dwarfs. This is mostly be-
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cause the isochrone ages for K dwarfs are not precise, while gyrochronology is well calibrated for
these stars. This dissertation builds upon the work done by Angus et al. (2019). The goal of this
dissertation is to estimate precise M dwarf ages by combining in a Bayesian framework different
age indicators. Taking advantage of the large spectrophotometric survey SDSS and astrometric
survey Gaia, I use two age indicators Hα and 3D kinematics, and color to estimate ages.
Several steps have to be taken before estimating ages. For the first part of this dissertation I
compile a sample of M dwarfs with kinematic and photometry from Gaia DR2 and Hα measure-
ments from SDSS to study the relation between position in the color–magnitude diagram and age,
described in Chapter 2. Using this sample, I find a relation between velocity dispersion, LHα/Lbol
and the position in the color–magnitude diagram for M dwarfs. For the second part of this disser-
tation, I calibrate an empirical relation between Hα and age, described in Chapter 3. To achieve
this, I compile a calibration sample with M dwarfs from known moving groups or co-moving with
a white dwarf. To estimate the ages of the white dwarfs, I develop a code called wdwarfdate,
which is described in Chapter 4. In Chapter 3, I show two types of calibrations of the magnetic
activity indicated by Hα and age. The first one is the fit to the relation between LHα/Lbol and age,
and the second one is the active fraction as a function of color and as a function of age. For the
third part of this dissertation, combining the calibration of the active fraction as a function of age
for each color and the AVR relation from Yu & Liu (2018) in a Bayesian framework, I develop
a method to estimate M dwarf ages from these age calibrators, as described in Chapter 5. This
method is implemented in the code mdwarfdate, and I use it to estimate ages of the sample
described in Chapter 2, combined with the sample from Newton et al. (2017), which has rotation
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periods. Using this sample of age dated M dwarfs, I analyze the relation between LHα/Lbol and
age, and also the relation between rotation periods and age for M dwarfs. The summary of the
conclusions from this dissertation and future work are in Chapter 6.
Chapter 2
Exploring the age dependent properties of
M and L dwarfs using Gaia and SDSS
This chapter was published on June 2019, in The Astronomical Journal, volume 157, issue 6
and page 231 (Kiman et al., 2019). The work was done in collaboration with Dr. Sarah J. Schmidt,
Dr. Ruth Angus, Prof. Kelle L. Cruz, Dr. Jacqueline K. Faherty and Prof. Emily Rice.
2.1 Abstract
We present a sample of 74,216 M and L dwarfs1 constructed from two existing catalogs of cool
dwarfs spectroscopically identified in the Sloan Digital Sky Survey (SDSS). We cross-matched the
SDSS catalog with Gaia DR2 to obtain parallaxes and proper motions and modified the quality
cuts suggested by the Gaia Collaboration to make them suitable for late-M and L dwarfs. We also
1Find the sample here: https://zenodo.org/record/2636692#.XK9_1etKjVp
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provide relations between Gaia colors and absolute magnitudes with spectral type and conclude
that (G − GRP) has the tightest relation to spectral type for M and L dwarfs. In addition, we study
magnetic activity as a function of position on the color–magnitude diagram, finding that Hα mag-
netically active stars have, on average, redder colors and/or brighter magnitudes than inactive stars.
This effect cannot be explained by youth alone and might indicate that active stars are magneti-
cally inflated, binaries and/or high metallicity. Moreover, we find that vertical velocity and vertical
action dispersion are correlated with Hα emission, confirming that these two parameters are age
indicators. We also find that stars below the main sequence have high tangential velocity which is
consistent with a low metallicity and old population of stars that belong to the halo or thick disk.
2.2 Introduction
The Milky Way Galaxy is dominated in number by low mass stars occupying the M and L
spectral types (e.g. Gould et al., 1996; Bochanski et al., 2010). M dwarfs have a wide range of ages
in the Milky Way Galaxy since they have main-sequence lifetimes longer than the current age of
the Universe (e.g. Fagotto et al., 1994; Laughlin et al., 1997). This makes them an ideal population
for studies of the structure, dynamics, and evolution of the stellar thin disk. Ages of field solar-type
stars are typically obtained by three methods (Soderblom, 2010): (1) empirical methods such as
activity–age relations (Mamajek & Hillenbrand, 2008) and rotation period–age relations, called
gyrochronology (Skumanich, 1972; Barnes, 2007; Angus et al., 2015; Meibom et al., 2015; Van
Saders et al., 2016); (2) model-dependent methods such as isochrone fitting (Edvardsson et al.,
1993) and asteroseismology (Chaplin et al., 2014); and (3) statistical methods such as kinematic
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age dating (Wielen, 1977). Despite the availability of multiple methods, assigning accurate ages to
M and L dwarfs in the field remains challenging. Due to their long main-sequence lifetimes, age-
related parameters change slowly with time. Asteroseismological methods cannot yet be applied to
M dwarfs as their acoustic oscillations have extremely small amplitudes (Rodríguez et al., 2016),
and their isochronal stellar evolution models are not accurate, in part because of the difficulty
associated with modeling fully convective interiors (Baraffe et al., 2015). Empirical and statistical
methods are the best option to obtain ages for field M and L dwarfs.
Solar-type stars have a radiative core and a convective envelope that do not rotate as a rigid
body. It is generally thought that as a consequence of this differential rotation, a dynamo is gen-
erated at the interface of the two zones, which is responsible for the magnetic activity of the star
(Parker, 1955). When the magnetic field threads through the surface, it heats the chromosphere and
the corona, generating collisionally induced atomic emission (including the Hα emission line) and
X-ray emission, respectively. As a consequence, Hα and X-ray emission are measurable evidence
of surface magnetism that can be used as magnetic activity indicators. The magnetic field is also
partly responsible for the stellar magnetic wind, which dissipates angular momentum, slowing the
rotation (and thus the differential rotation) of the star. Due to this process, rotation, magnetic activ-
ity and age are tightly related for solar-type stars (e.g. Skumanich, 1972; Barry, 1988; Soderblom
et al., 1991; Mamajek & Hillenbrand, 2008). Stars with masses < 0.35 M (spectral type ∼M3)
are fully convective (Chabrier & Baraffe, 1997), so there is no interface with a radiative zone to
produce a solar-type dynamo. Even though the mechanism to generate magnetic fields in fully
convective stars is not yet understood, a strong correlation between rotation and magnetic activity
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is found for fully convective M dwarfs (e.g. Delfosse et al., 1998; Mohanty & Basri, 2003; Reiners
et al., 2012; West et al., 2015; Newton et al., 2017). Furthermore, several studies have extended
the idea that magnetic activity decreases with age for late-M dwarfs (Fleming et al., 1995; Eggen,
1990; West et al., 2006, 2008b; Riedel et al., 2017). This indicates that there is an empirical re-
lation between age, rotation and magnetic activity for M dwarfs that may extend to L dwarfs as
well.
As they orbit the center of the Galaxy, stars gravitationally interact with giant molecular clouds
and other passing stars, receiving a kinematic kick that alters their orbits. The increased eccentric-
ity and inclination of the altered orbits causes the stars to separate from the plane of the Galaxy
as they age. This effect is generally quantified by the age-velocity relation (AVR; Wielen, 1977;
Hänninen & Flynn, 2002), which indicates the velocity dispersion of a population of stars with a
similar age, goes as the square root of its age (σ = t0.5). This relationship is particularly strong
when examining the correlations between Galactic height or vertical velocity and age (e.g. West
et al., 2006, 2008b; Nordstrom et al., 2004; Aumer et al., 2016a; Yu & Liu, 2018). This statistical
method was used by several works to obtain kinematic ages of population of stars (e.g. Schmidt
et al., 2007; Zapatero Osorio et al., 2007; Faherty et al., 2009; Reiners & Basri, 2009). Thanks to
large spectrophotometric surveys such as the Sloan Digital Sky Survey (SDSS; York et al., 2000)
and astrometric surveys such as Gaia DR2 (Gaia Collaboration et al., 2016, 2018b), better results
can be expected from statistical methods.
Our ultimate goal is to infer the ages of M and L dwarfs by combining different age indicators
such as fractional Hα luminosity and vertical action dispersion. We began this process by compil-
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ing a sample of tens of thousands of spectroscopically identified M and L dwarfs, including colors,
activity measurements, and kinematics with sufficient precision to use vertical action dispersion as
an age indicator. In this paper, we introduce the MLSDSS-GaiaDR2 sample which includes Hα
equivalent widths, spectral types for M and L dwarfs, and radial velocities from two catalogs com-
piled from SDSS: the spectroscopic M dwarf catalog (West et al., 2011) and the the “BUD” catalog
of Schmidt et al. (2015, 2019, in prep); as well as their vertical velocities and actions, calculated
from Gaia DR2 proper motions, parallaxes and positions.
This paper is laid out as follows. In section 2.3, we describe the assembly of our M and L
dwarf sample, including the process of cross-matching and combining data from different surveys,
and the quality cuts we applied that remove incorrect matches and low quality data. In section
2.4, we fit relations to the Gaia colors/absolute magnitudes and spectral types of the M and L
dwarfs in our catalog. In section 2.5, we fit relations between the Two Micron All Sky Survey
(2MASS; Skrutskie et al., 2006) and SDSS absolute magnitudes and spectral types of stars in
our sample. In section 2.6, we briefly explore the relation between fractional Hα luminosity and
tangential velocity and the position of the star in the Gaia color–magnitude diagram. We find
that magnetically active stars have redder colors and/or brighter magnitudes than inactive stars
and show that this effect cannot be explained only by youth and that radius inflation, metallicity
and binarity could be the causes. We also use color–magnitude position and tangential velocity to
identify a possibly old halo or thick disk population of M dwarfs. In this section we also discuss the
relation between three age indicators in our catalog: Hα luminosity, vertical velocity, and vertical
action. Finally, in section 2.7 we summarize the work and our conclusions.
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2.3 The MLSDSS-GaiaDR2 Sample
In this paper, we present the MLSDSS-GaiaDR2 sample of M and L dwarfs including spectral
types, Hα measurements, survey photometry, and Galactic kinematics. The compilation of the
MLSDSS-GaiaDR2 sample was accomplished in two parts: assembling the base sample, dubbed
the “MLSDSS” sample, and then cross-matching it with the Gaia Data Release 2 (DR2; Gaia
Collaboration et al., 2018b). The MLSDSS sample is based on data from the Sloan Digital Sky
Survey Data Releases 7, 10, and 12 (DR7; DR10; DR12; Abazajian et al., 2009; Ahn et al., 2014a;
Alam et al., 2015) and the SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS; Dawson
et al., 2013; Eisenstein et al., 2011). The construction of the MLSDSS sample is described in Sec-
tion 2.3.1 and the cross-match with Gaia DR2 is in Section 2.3.2. In Section 2.3.3, we describe the
criteria we applied to the MLSDSS-GaiaDR2 sample to create a high-quality astrometric sample
and the three resulting photometric subsamples.
2.3.1 Assembling the MLSDSS Sample
The MLSDSS sample is the combination of two catalogs of low mass stars identified in SDSS:
the DR7 spectroscopic M dwarf catalog (West et al., 2011) and the BOSS Ultracool dwarf “BUD”
late-M and L dwarf catalog of Schmidt et al. (2015, 2019, in prep).
The DR7 spectroscopic M dwarf catalog contains 70,841 M0–M9 dwarfs from SDSS DR7;
these stars comprise the bulk of the MLSDSS sample. West et al. (2011) selected sources using
color cuts designed to include all M dwarfs (r − z > 0.42 and i − z > 0.24) and then combined a
spectral template matching code with visual inspection to classify stars with spectral types M0 to
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M9 based on their red-optical SDSS low-resolution (R1800 − 2200) spectra. They also measured
the Hα equivalent width (Hα EW) and fractional luminosity (LHα/Lbol) from the SDSS spectra and
included the values with uncertainties for each star in their catalog. Finally, they give SDSS ugriz
photometry and Two Micron All Sky Survey (2MASS; Skrutskie et al., 2006) JHKs photometry
for the M dwarfs.
The second component of the MLSDSS sample is the BUD catalog composed of 12,998 M7–
L8 dwarfs. It includes 9,623 M7–M9 dwarfs from the DR7 M dwarf catalog and an additional
484 L dwarfs from SDSS DR7 (Schmidt et al., 2010). The BUD catalog was also comple-
mented with 2,891 M7–L8 dwarfs selected as ancillary targets in the BOSS survey and released in
SDSS DR10 (Schmidt et al., 2015) and DR12 (Schmidt et al., 2019, in prep). The additional M7–
M9 dwarfs were selected using the same color-cuts of the West et al. (2011) catalog (r − z > 0.42
and i − z > 0.24); the L dwarfs were selected with (i − z) > 1.44. Schmidt et al. (2015) assigned
spectral types for the L dwarfs and the additional M dwarfs. They adopted the spectral type clas-
sification assigned by West et al. (2011) for the rest of the M0–M8 dwarfs but re-classified all of
the M9 dwarfs (Schmidt et al., 2019, in prep.). Schmidt et al. (2015) measured Hα equivalent
widths and LHα/Lbol for all objects in the BUD catalog. They also re-queried SDSS and 2MASS
and reported new r, i, z, J, H and Ks photometry. For the 9,623 M7–M9 objects which are present
in both the DR7 M dwarf and BUD catalogs, we adopted the photometry, Hα EW, and spectral
type from BUD into the MLSDSS sample.
The spectral type distribution of the MLSDSS sample is shown in Figure 2.1. The sample is
not complete and reflects the SDSS target selection and sensitivities. The spectroscopic targeting
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of SDSS avoided some of the most common M3/M4 stars, and the sample is also incomplete at
later spectral types and fainter magnitudes due to the capabilities of the telescope and instrument.
Figure 2.1 Spectral type distribution of the MLSDSS sample.
Notes: The MLSDSS sample is shown as a black outline. The objects from the SDSS DR7 M dwarf spectroscopic
catalog are shown with light gray bars while dark gray bars indicate the objects from the BUD catalog. The overlapping
objects from both catalogs are indicated by black bars.
Both the SDSS DR7 M dwarf spectroscopic catalog and the BUD catalog contain data rele-
vant to kinematics and activity: an activity field (ACTHA) and proper motion and radial velocity
estimates. We adopted these three values from the SDSS DR7 M dwarfs spectroscopic catalog for
spectral types M0 to M6 and from the BUD catalog for spectral types M7 and later.
The ACTHA field mentioned above indicates if the star is active or not (1 = active and 0 =
inactive; described below). Both West et al. (2011) and Schmidt et al. (2015) classified stars as
magnetically active or inactive according to the equivalent width of the Hα emission line. Stars
were considered active if they meet these four criteria: (1) the signal-to-noise per pixel in the
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region near Hα is greater than 3, (2) Hα EW > 0.75 Å, the detection threshold for SDSS spectra,
(3) Hα EW is larger than its uncertainty, and (4) the peak height of Hα is greater than three
times the noise level of the continuum region (measured by the standard deviation of the flux
values). Stars that pass criterion (1) for signal-to-noise but do not pass the detection threshold are
categorized as inactive. Stars that do not pass the first criterion were classified as neither active nor
inactive, and stars which pass all criteria but the second were classified as weakly active and not
included in this work.
Both the SDSS DR7 M dwarf spectroscopic catalog and the BUD catalog also include proper
motions for the stars that were used as part of our cross-match procedure. The stars in the
SDSS DR7 M dwarf catalog are all bright enough that proper motions were part of the Munn
et al. (USNO-B; 2014) catalog, based on SDSS and USNO-B positions, and have mean uncertain-
ties of only 5 mas/yr. The stars in the BUD sample, on the other hand, are too faint to be in the
USNO-B, and their proper motions were calculated using positions from SDSS, 2MASS, and the
Wide-Field Infrared Sky Explorer (WISE; Wright et al., 2010) by Schmidt et al. (2019, in prep)
and have mean uncertainties of 20 mas/yr.
Lastly, both catalogs include radial velocities estimates with typical uncertainties of ∼ 7 km/s.
These were measured via cross-correlation of the (R1800 − 2200) SDSS spectra to templates from
Schmidt et al. (2014) and Bochanski et al. (2007b).
When compiling the MLSDSS sample, we modified several fields from the two input cat-
alogs to make them as consistent as possible with each other: the photometry quality flag
(GOODPHOT_SDSS); the white dwarf-M Dwarf binary flag (WDM); and the photometry impacted
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by extinction.
The two input catalogs indicate good quality photometry using different methods: the SDSS
DR7 M dwarfs spectroscopic catalog assigned a single quality flag GOODPHOT_SDSS = 1 or 0
that depends on the quality of r, i and z-band photometry (r-band extinction < 0.05 magnitudes,
and uncertainties < 0.05 magnitudes) while the BUD catalog has a flag for each band (using a
combination of SDSS flags and uncertainty cuts to select good photometry, see Section 3.1 in
Schmidt et al. (2015) for more details). We applied the first convention to the BUD stars, assigning
them a GOODPHOT_SDSS = 1 value if the r, i and z-band were all good.
Another difference between the two input catalogs is the WDM flag, which indicates if the star
is a white dwarf-M Dwarf binary (WDM = 1 is a binary and WDM = 0 is not). West et al. (2011)
selected these pairs with the color cuts from Smolčić et al. (2004): u−g< 2, g−r> 0.3, r − i> 0.7,
σu,g,r,i < 0.1. The BUD catalog does not contain white dwarf-M Dwarf binaries (Schmidt et al.,
2015) so we added a 0 in the WDM column for all of these stars.
Lastly, West et al. (2011) corrected all five SDSS magnitudes for dust extinction using the
Schlegel et al. (1998) maps. Schmidt et al. (2015) did not apply the correction to the magnitudes
and instead included the extinction correction as a field in the BUD catalog. We applied the ex-
tinction correction for the stars in the BUD catalog so that all of the included SDSS photometry in
the MLSDSS sample is corrected for extinction.
We found that some of the 2MASS photometry included in the DR7 M dwarf catalog was
incorrect due to mismatches. This is demonstrated in Figure 2.2 where the (z − J) versus (i −
z) color-color plot shows a significant scatter towards redder (z − J) color, inconsistent with the
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Figure 2.2 Color-color plot, (z − J) versus (i − z), for the MLSDSS sample
Notes: The stars are color-coded with the density map. Black crosses indicate the median values and standard devia-
tion for confirmed M and L dwarfs from West et al. (2011); Schmidt et al. (2015). The linear fit to the median values
is indicated with a solid black line. To perform the fit we used the errors in (z − J) as weights. The very red (z − J)
colors for stars with bluer (i − z) colors are likely to be due to mismatches between the MLSDSS sample and 2MASS.
We removed the 2MASS information for the 1,494 stars (gray points) with (z − J) colors more than 3σ above the fit
(dashed line).
(i − z) colors and spectral types of the sample when compared to the median values and standard
deviation for (z − J) and (i − z) colors of confirmed M and L dwarfs (West et al., 2011; Schmidt
et al., 2015). The outliers do not have a low signal-to-noise ratio J-band photometry and have
good SDSS photometry (GOODPHOT_SDSS = 1). They are also more common among fainter,
bluer stars that are unlikely to be bright enough in 2MASS bands to have detections. It is therefore
likely that the spurious colors are due to 2MASS mismatches with the SDSS source. We fit a line
to the median values using the errors in (z − J) as weights and removed the 2MASS information
for the 1,494 stars with (z − J) colors more than 3σ above the fit, where σ is the mean propagated
error on the (z − J) color. These 1,494 stars remain in the MLSDSS sample, just without 2MASS
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photometry.
The final MLSDSS sample includes 74,216 M and L dwarfs with spectral types, SDSS ugriz
photometry, 2MASS JHKs photometry, Hα equivalent width and fractional luminosity (LHα/Lbol),
an activity classification, proper motions, and radial velocities.
2.3.2 Cross-match with Gaia DR2
We cross-matched the MLSDSS sample with Gaia DR2 to obtain precise proper motions and
parallaxes. First, we propagated the positions from the SDSS epoch (ranging from 1999 to 2007)
to the Gaia DR2 epoch (2015.5) using the proper motions in MLSDSS. Second, we queried the
Gaia Archive2 and selected all the objects within a radius of 5” of the 2015.5 position. We found
that 98% (73,003 stars) of MLSDSS stars have at least one match in Gaia DR2. Of these, 8,269
have between two and five matches within a 5” radius. To find a single best match, we propagated
the position of each match back to the SDSS epoch using the Gaia DR2 proper motion and kept
only the closest match between the Gaia position at the SDSS epoch and the SDSS position. We
include a FITS table that contains the 73,003 matches in our sample as a supplementary file. In
Table 2.1 we list the parameters in our sample and in the FITS table.
For this paper, we want a high fidelity sample with a minimum of mismatches. We found that a
1” separation between SDSS (RA, DEC), and Gaia (RA, DEC) propagated backwards to the SDSS
epoch using the proper motions from Gaia, provides a reasonable balance between sample size
and crossmatch reliability. A total of 67,573 stars (91% of MLSDSS) have Gaia DR2 matches and
a separation less than or equal to 1”. These are indicated in Table 2.1 with the GOODMATCH flag
2http://gea.esac.esa.int/archive/
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(GOODMATCH = 1 or 0). The analysis in this paper is based on these 67,573 objects with matches
(GOODMATCH = 1) and we call this the “MLSDSS-GaiaDR2 sample”.
Figure 2.3 (G − z) as a function of (r − z), color-coded with extinction.
Notes: The stars are color-coded with the SDSS extinction value E(r − z) using the Schlegel et al. (1998) dust map.
Each star shown is classified both as a good match between the MLSDSS sample and Gaia DR2 (GOODMATCH = 1)
and has good SDSS photometry (GOODPHOT_SDSS = 1), as discussed in Section 2.3. The stars that fall along the
color-color locus are easily verified as good matches. The stars that scatter towards redder (G − z) color are those with
high extinction, indicating that their position off the color-color locus is likely due to the lack of extinction correction
to the G band rather than mismatches in the catalog.
To check the goodness of the cross-matching, we examine a color-color plot of the MLDSS-
GaiaDR2 sample in Figure 2.3. Nearly all of the stars fall along the expected locus, and the ∼ 800
that fall off the locus are those with a high extinction correction to the SDSS magnitudes. The scat-
ter in the color-color space is due to the lack of extinction correction applied to the G magnitude,
and does not indicate mismatches. Extinction corrections were not applied to the Gaia photometry
in our sample because the extinction coefficients provided by the collaboration were calibrated for
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Teff > 3500 K and are not valid for low mass stars (Gaia Collaboration et al., 2018a).
Table 2.1 Columns in the MLSDSS-GaiaDR2 sample.
Name Units Description
MJD d Modified julian date from SDSS
PLATE - Plate number from SDSS
FIBER - Fiber number from SDSS
solution_id - Gaia DR2 Solution Identifier
designation - Unique Gaia source designation (unique across all Data Releases)
source_id - Unique Gaia source identifier (unique within DR2)
ref_epoch_gaia yr Reference epoch from Gaia DR2
SPT - Spectral Type
RA deg Right ascension in Gaia DR2 epoch
RA_ERR mas Standard error of right ascension in Gaia DR2
DEC deg Declination in Gaia DR2 epoch
DEC_ERR mas Standard error of DEC in Gaia DR2
PMRA mas/yr Proper motion in RA direction in Gaia DR2
PMRA_ERR mas/yr Standard error of proper motion in RA direction in Gaia DR2
PMDEC mas/yr Proper motion in DEC direction in Gaia DR2
PMDEC_ERR mas/yr Standard error of proper motion in DEC direction in Gaia DR2
RV km/s Radial velocity from MLSDSS
RV_ERR km/s Radial velocity error from MLSDSS
RA_SDSS deg Right ascension in SDSS photometric object
DEC_SDSS deg Declination in SDSS photometric object
PSFMAG mag SDSS photometry ugriz-bands
PSFMAG_ERR mag SDSS photometry ugriz-bands errors
GOODPHOT_SDSS - Good photometry flag for SDSS riz-bands
EXTINCTION mag Extinction coorection for ugriz-bands (Au, Ag, Ar, Ai, Az)
PMRA_SDSS mas/yr Proper motion in RA direction in MLSDSS
PMRA_ERR_SDSS mas/yr Proper motion error in RA direction in MLSDSS
PMDEC_SDSS mas/yr Proper motion in DEC direction in MLSDSS
PMDEC_ERR_SDSS mas/yr Proper motion error in DEC direction in MLSDSS
GOODPM_SDSS - Good proper motion flag for MLSDSS (1=good proper motion)
MJD_2MASS d Modified julian date from 2MASS
RA_2MASS deg Right ascension in 2MASS
DEC_2MASS deg Declination in 2MASS
MAG_2MASS mag 2MASS photometry JHK-bands
MAG_ERR_2MASS mag 2MASS photometry JHK-bands error
ACTHA - Active flag (1=active, 0=inactive)
EWHA Angstrom Equivalent width Hα
EWHA_ERR Angstrom Equivalent width Hα error
LHALBOL - Fractional Hα luminosity
LHALBOL_ERR - Fractional Hα luminosity error
GOODMATCH - Good matches with Gaia DR2 (1=good, 0=probable mismatch)
parallax mas Parallax in Gaia DR2
parallax_error mas Standard error of parallax in Gaia DR2
astrometric_n_good_obs_al - Number of good observations AL
astrometric_chi2_al - AL chi-square value
visibility_periods_used - Number of visibility periods used in Astrometric solution
phot_g_mean_flux electron/s G-band mean flux
phot_g_mean_flux_error electron/s Error on G-band mean flux
phot_g_mean_flux_over_error electron/s G-band mean flux divided by its error
phot_g_mean_mag mag G-band mean magnitude
phot_bp_mean_flux electron/s Integrated GBP mean flux
phot_bp_mean_flux_error electron/s Error on the integrated GBP mean flux
phot_bp_mean_flux_over_error electron/s Integrated GBP mean flux divided by its error
phot_bp_mean_mag mag Integrated GBP mean magnitude
phot_rp_mean_flux electron/s Integrated GRP mean flux
phot_rp_mean_flux_error electron/s Error on the integrated GRP mean flux
phot_rp_mean_flux_over_error electron/s Integrated GRP mean flux divided by its error
phot_rp_mean_mag mag Integrated GRP mean magnitude
phot_bp_rp_excess_factor - BP/RP excess factor
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r_est pc B-J estimated distance
r_lo pc B-J lower bound on the confidence interval of the estimated distance
r_hi pc B-J upper bound on the confidence interval of the estimated distance
r_len pc B-J length scale used in the prior for the distance estimation
V_R km/s Mean radial component of the velocity
V_R_ERR km/s Standard deviation of radial component of the velocity
V_T km/s Mean tangential component of the velocity
V_T_ERR km/s Standard deviation of tangential component of the velocity
V_Z km/s Mean vertical component of the velocity
V_Z_ERR km/s Standard deviation of vertical component of the velocity
J_Z kpc km/s Median vertical action
J_Z_16per kpc km/s 16th percentile vertical action
J_Z_64per kpc km/s 64th percentile vertical action
WDM - White dwarf-M dwarf binary flag (1=binary, 0=not binary)
astrometric_sample - Astrometric subsample (1=good astrometry, 0=bad astrometry)
photometric_sample_subg - Sub G subsample (1=goodphot, 2=outlier, 0=badphot)
photometric_sample_subred - Sub Red subsample (1=goodphot, 2=outlier, 0=badphot)
photometric_sample_submix - Sub Mix subsample (1=goodphot, 2=outlier, 0=badphot)
Note: Columns of the MLSDSS-GaiaDR2 sample of 74,216 M and L dwarfs, including the 73,003 matches with
Gaia DR2. The table is available as a FITS table as a supplementary file. We include name of the columns, units and
a brief description.
2.3.3 Quality Cuts
To ensure the cleanest possible sample of Gaia DR2 M and L dwarfs, we investigated optimal
quality cuts for the photometric and astrometric data. The quality cuts in the Gaia Papers (e.g.
Lindegren et al., 2018; Evans et al., 2018; Arenou et al., 2018; Gaia Collaboration et al., 2018a)
are so conservative that they remove good quality data for faint, red stars at the end of the main
sequence. As as result, we modified the suggested cuts to adapt them for M and L dwarfs, the
faintest stars in Gaia DR2. We describe these cuts in the following subsections.
Astrometric Quality Cuts
The quality of the five-parameter solution (ra, dec, pmra, pmdec and parallax) given
by Gaia DR2 depends on factors such as the magnitude of the source, the number of observations
per source, neighboring sources, and the type of source (Lindegren, 2018). We describe below
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how we defined astrometric cuts for the MLSDSS-GaiaDR2 sample to obtain the best quality five-
parameter solution. The astrometric cuts we used to clean the MLSDSS-GaiaDR2 sample are
summarized in Table 2.2 and described below.
Table 2.2 Summary of Astrometric Quality Cuts.
Flag Cut N removed by N afte
single cut cumulative cuts
start=67,573
PE parallax_over_error > 10 40,801 26,772
VP visibility_periods_used > 8 8,166 24,589
UWE UWE< 1.2×max(1.4,exp(−0.2(G − 19.5))) 2,582 23,842
Note: Astrometric quality cuts applied to the MLSDSS-GaiaDR2 sample. The Flag column contains the name of the
cut we use in this paper; Cut indicates the name of the column in the catalog and the criterion applied; N removed by
Single Cut shows the number of stars removed by only that cut; and N after Cumulative cuts shows the number of stars
left after applying that cut and the ones listed above it. Objects included in the astrometric sample are indicated with
the flag astrometric_sample = 1.
To ensure accurate parallaxes (mean uncertainty ∼ 0.2 mas) we applied the quality cut sug-
gested by Lindegren et al. (2018): parallax_over_error> 10 (abbreviated as PE from here
on). This cut conservatively removes poor astrometric solutions and reduces our sample by 60%,
removing 40,801 stars.
The number of Gaia observations included in each astrometric solution is an indicator of reli-
able astrometric data and is indicated in the visibility_periods_used field, abbreviated
as VP from here on. As suggested in Gaia Collaboration et al. (2018a), we selected stars with
VP > 8 to restrict our sample to stars with enough observations to produce reliable astrometric
solutions. This removes 8,166 stars from the original MLSDSS-GaiaDR2 sample, leaving 24,589
stars when applied after the PE cut (see Table 2.2).
To remove poor astrometric solutions generated by binary stars and double stars, we also ap-
plied an astrometric cut based on the residual of the fit of the single star astrometric solution. The
CHAPTER 2. M AND L DWARFS IN GAIA AND SDSS 38
“unit weight error” (UWE) is a reduced χ2 statistic and reflects the goodness of fit (Arenou et al.,
2018; Lindegren et al., 2018). The square of the UWE is calculated as




where χ2 = astrometric_chi2_al and ν = N − 5 is the degree of freedom where N =
astrometric_n_good_obs_al is the total number of good observations of the source.
Lindegren et al. (2018) found that a good astrometric solution corresponds to UWE ∼ 1 and
suggest a cut:
UWE< 1.2×max(1,exp(−0.2(G − 19.5))). (2.2)
We show UWE as a function of G magnitude in Figure 2.4. The cut suggested by Lindegren
et al. (2018), shown as a red dashed line, removes a high number of faint stars (G > 18) even
though they have a good astrometric fit (UWE∼ 1). We wanted to retain faint stars for our sample
of M and L dwarfs and future analysis, so we defined a new cut and increase the maximum UWE
tolerance for faint stars from 1.2 to 1.68:
UWE< 1.2×max(1.4,exp(−0.2(G − 19.5))) (2.3)
represented in a blue dashed-dotted line in Figure 2.4. This new cut matches the Lindegren et al.
(2018) through G = 18 and includes an extra 7,132 stars with G> 18 also having a good astrometric
solution. Applying this cut removes 2,582 stars from the original MLSDSS-GaiaDR2 sample,
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leaving 23,842 stars when applied after the PE and VP cuts (see Table 2.2).
An alternative to this cut is described in the Technical Note by Lindegren (2018), where they
define a new quantity called the re-normalized UWE, or RUWE. Because the UWE is necessarily
dependent on the color and magnitude of each star, the RUWE is designed to make a quality cut in
the data that is relatively complete in color and magnitude. This is calculated by dividing UWE by
a different normalization factor for each color and magnitude bin, which accounts for the fraction
of good and bad data in each bin. We did not intend our sample to be complete in color and/or
magnitude, and applying a cut on the RUWE removes ∼ 1,000 more stars than Equation 2.3, so
we did not use RUWE in our quality cuts.
Figure 2.4 Re-definition of the unit weight error.
Notes: Unit weight error (UWE, defined in Equation 2.1) as a function of G magnitude for the MLSDSS-GaiaDR2
sample color-coded with the density map. The Lindegren et al. (2018) cut (red dashed line) defined in Equation 2.2
removes most of the faintest stars (later Ms and Ls) with G≥ 18 although they have UWE∼ 1. We defined a new cut
(blue dashed-dotted line) in Equation 2.3, that both removes stars with a bad astrometric solution and keeps the fainter
stars. Stars retained after this cut are bellow the blue dashed-dotted line.
.
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Once the three astrometric cuts summarized in Table 2.2 are applied, the MLSDSS-GaiaDR2
sample contains 23,842 stars with good astrometry. As a way of verifying our astrometric cuts, we
cross-matched MLSDSS-GaiaDR2 with the Bailer-Jones et al. (2018) catalog that uses an infer-
ence procedure to account for the non linearity of 1/π for computing distances. If our astrometric
cuts are valid, the distances calculated as 1/π with MLSDSS-GaiaDR2 should be the same as in
the Bailer-Jones et al. (2018) catalog. We plot parallaxes from our sample against Bailer-Jones
et al. (2018) distances in Figure 2.5 and confirm that the 23,842 parallaxes selected by our cuts
follow the formula relating parallax and distance, d = 103/π, where π is the parallax in mas. This
indicates that the quality of the astrometry in our final sample is excellent. Objects included in the
astrometric sample are indicated with the flag astrometric_sample = 1 in the FITS file.
Photometric Quality Cuts for Gaia bands
Given that the MLSDSS-GaiaDR2 sample contains predominantly faint and red stars, we also
implemented several photometric cuts described below to ensure a sample without contamination
and suitable for detailed color analysis. The cuts and the resulting subsamples are summarized in
Table 2.3 and described below.
Table 2.3 Summary of Photometric Quality Cuts.
Subsample Cut expression N Stars
start = 23,842
(1) Sub G astrometric cuts 22,706
+ phot_bp_rp_excess_factor < 1.3 + 0.06× (GBP − GRP)2
only when phot_bp_mean_flux_over_error > 10
(2) Sub Red (1) + phot_rp_mean_flux_over_error > 10 22,373
(3) Sub Mix (2) + phot_bp_mean_flux_over_error > 10 16,527
Notes: Photometric quality cuts applied to the good astrometry sample (Section 2.3.3). The column Subsam-
ple indicates the name of the subsample used in this paper; the Cut expression indicates the name of the col-
umn in the catalog and the cuts that were made over that column; and N Stars indicates the number of stars in
each subsample. Objects in the subsamples are indicated with the flags, photometric_sample_subg = 1,
photometric_sample_subred = 1 and photometric_sample_submix = 1, respectively.
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Figure 2.5 Check of our astrometric cuts using distances.
Notes: Log of distance calculated by Bailer-Jones et al. (2018) as a function of the parallaxes measured in Gaia DR2.
The MLSDSS-GaiaDR2 sample before our astrometric cuts (gray dots) is compared to the astrometric sample (black
dots). The formula relating distance to parallax (solid red line) shows excellent agreement with the astrometric sample,
validating the astrometric cuts applied to the MLSDSS-GaiaDR2 sample.
.
To ensure accurate Gaia photometry (signal-to-noise ratio > 10) we applied cuts based on
the signal-to-noise ratio (SNR) for the flux in the three Gaia bands, G ([330,1050] nm), GBP
([330,680] nm), and GRP ([630,1050] nm). We show the mean flux over error for these three
bands in Figure 2.6. Gaia DR2 contains a column with the SNR value for each band. Lin-
degren et al. (2018), in their Appendix C, suggest combining the cuts over SNR for the blue
and red band (GBP and GRP respectively): phot_bp_mean_flux_over_error > 10 and
phot_rp_mean_flux_over_error > 10. The suggested cut for the blue Gaia band re-
moves a significant number of stars from the MLSDSS-GaiaDR2 sample, while the same cut in
the red band GRP only removes a handful of stars. This is expected because M and L dwarfs emit
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Figure 2.6 Flux SNR (mean_flux_over_error) for each Gaia band as a function of magni-
tude.
Notes: The stars are color-coded with the density map. The black dashed line is the limit of 10% SNR suggested for
the red, GRP and blue, GBP bands in Lindegren et al. (2018). The SNR limit applied to the G band does not remove
stars, while the GBP band removes the most stars, in particular faint ones. Note that not every star that has bad blue,
GBP photometry has bad red, GRP photometry or vice versa.
.
most of their flux at red wavelengths, so they are faint in the blue band. If we follow the sugges-
tion made by Lindegren et al. (2018) and combine the cuts for the red and blue bands, we would
remove 5,846 stars that have SNR<10 in GBP, but SNR≥10 in GRP. Furthermore, all the stars in
the MLSDSS-GaiaDR2 sample have SNR≥10 in the G band as we show in the left panel in Fig-
ure 2.6. In particular, the 5,846 stars that have low-quality blue photometry, GBP but high-quality
red photometry, GRP, have also good G photometry. To maximize the number of stars available
for each band with high SNR photometry, we created three subsamples: in the first subsample
(Sub G) we did not apply any SNR cuts, only the G photometry is necessarily SNR≥10; in the
second subsample (Sub Red) we applied the SNR cut in the red band (GRP), resulting in good G
and GRP photometry; and in the third subsample (Sub Mix) we applied the SNR cut to both the
red and blue bands so, therefore, it contains SNR≥10 photometry in G, GRP and GBP bands. The
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summary of these subsamples is presented in Table 2.3. Objects in the subsamples are indicated
with the flags, photometric_sample_subg = 1, photometric_sample_subred = 1
and photometric_sample_submix = 1, respectively.
Figure 2.7 Absolute magnitude MG versus (G − GRP) color to compare different photometric RBE
cuts.
Notes: The MLSDSS-GaiaDR2 sample is in gray contours. On the left panel is the sample with no cuts. In the middle
panel we applied the cut on BP/RP flux excess factor suggested in Evans et al. (2018) (Equation 2.4) and on the right
panel, the stars after applying the same cut with the condition phot_bp_rp_excess_factor> 10 (our cut). Our
cut both removes contaminated photometry data and keeps fainter stars as can be seen by comparing the contours in
the middle and right panels.
.
The last source of photometric inaccuracy relevant to our sample is contamination generated
by neighbouring sources. As explained in Evans et al. (2018), the wavelength ranges of the GRP
and GBP passbands overlap slightly. Therefore, the excess ratio defined as the flux ratio C = (IRP +
IBP)/IG, where I is the flux in the band indicated by the subindex, should be only slightly greater
than 1. This quantity is indicated in Gaia DR2 in the column phot_bp_rp_excess_factor.
Evans et al. (2018) and Arenou et al. (2018) suggest the following criteria to select stars with
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uncontaminated photometry:
phot_bp_rp_excess_factor< 1.3 + 0.06× (GBP − GRP)2 (2.4)
The cut in Equation 2.4 selects the stars for which the excess factor C, is close to 1. However, it
depends on accurate GBP photometry, which is not available for our faint, red stars. Accordingly,
the excess factor increases for fainter stars as a function of the three bands. We examine this cut in
the color–magnitude diagram shown in Figure 2.7. If we apply the cut suggested by Evans et al.
(2018) to the MLSDSS-GaiaDR2 sample, it removes the spurious data shown in Figure 2.7 (left
panel has no cuts and the middle panel has these cuts applied). However, it also removes stars at
the bottom of the main sequence that we are interested in keeping for future analysis because they
have good G and GRP photometry. To reduce the number of high quality stars being eliminated for
conservative IBP values that generate a large excess factor, we applied the cut on the excess factor in
Equation 2.4 only when the blue photometry is good (phot_bp_mean_flux_over_error>
10, abbreviated as RBE cut hereon). After adding this condition, the new cut to MLSDSS-GaiaDR2
removes significantly fewer main sequence stars (right panel of Figure 2.7). We applied this cut
over the excess factor for the three subsamples as indicated in Table 2.3.
The final spectral type distribution for the three photometric subsamples is shown in Figure
2.8 compared to the entire MLSDSS, MLSDSS-GaiaDR2, and astrometric samples. Comparing
the MLSDSS and the MLSDSS-GaiaDR2 samples, a significant difference can be observed in the
number of late M and L dwarfs because Gaia DR2 does not contain the faintest stars, so we could
not find a match for all MLSDSS objects. The Sub G and Sub Red subsamples are similar to the
CHAPTER 2. M AND L DWARFS IN GAIA AND SDSS 45
Figure 2.8 Spectral type distribution for each of the three subsamples in Table 2.3.























Notes: As described in Section 2.3.3, the Sub G photometric subsample has good G photometry, the Sub Red sample
has good G and GRP photometry and the Sub Mix sample has stars with good G, GRP and GBP. There is not a significant
difference between the spectral type distribution of the Sub G and Sub Red sample. However, for the Sub Mix sample
most of late M dwarfs and all L dwarfs were removed by the quality cut over the blue Gaia band, GBP. We added,
for reference, the spectral type distribution of MLSDSS, MLSDSS-GaiaDR2 and the good astrometry sample. Later
spectral types are not in the MLSDSS-GaiaDR2 sample, in comparison with MLSDSS, because they are too faint for
Gaia and we did not find a match.
.
astrometric sample because high quality G photometry is necessary for the astrometric sample,
and only a few stars have low SNR in GRP. The distribution changes significantly for the Sub Mix
subsample because the SNR cut for GBP removed all the L dwarfs and many late-M dwarfs.
To validate all the quality cuts we defined, we plot the color–magnitude diagrams for MG as a
function of the three Gaia colors (G−GRP, GBP −GRP and GBP −G) with and without the previously
discussed astrometric and photometric cuts in Figure 2.9. The photometric cuts remove dramatic
outliers in color and magnitude space in each color and magnitude combination, indicating that
they have reliably selected good quality photometry. Due to the low quality of the GBP band
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Figure 2.9 Color–magnitude diagrams of the MLSDSS-GaiaDR2 sample with and without cuts.
Notes: Absolute magnitude MG versus Gaia DR2 color (G − GRP, GBP − GRP and GBP − G) for the original MLSDSS-
GaiaDR2 sample (without cuts, top panels) and after the astrometric and photometric quality cuts (bottom panels).
The color coding shows the density of sources, where yellow areas are more dense and purple ones, less dense. Two
different photometric subsamples were used in the bottom panels: the Sub Red subsample for (G − GRP) and the Sub
Mix subsample for (GBP − GRP) and (GBP − G). The Sub Red subsample includes more stars than Sub Mix, resulting
in a much higher density of stars along the red (G − GRP > 1.3) portion of the main sequence.
for the reddest, faintest stars, there is a higher density of red (G − GRP > 1.3) stars in the Sub
Red subsample shown on the (G − GRP) diagram. Those stars fall below the main sequence for
(GBP − GRP) and (GBP − G) in the color–magnitude diagrams without quality cuts applied (Top
panels of Figure 2.9).
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2.4 Gaia DR2 colors and absolute magnitudes of M and L
dwarfs
Characterizing the relationships between spectral types and both colors and absolute magni-
tudes facilitates the classification of new objects and aids in the identification of interesting out-
liers. Therefore we used the MLSDSS-GaiaDR2 sample with good photometry and astrometry
described in Section 2.3 to calculate Gaia DR2 mean colors and absolute magnitudes for M and
early-L dwarfs as a function of spectral subtype. The stellar locus in color-color space is also an
important tool to classify stars and identify sources of contamination, so we examined the SDSS-
2MASS-Gaia stellar locus for M and L dwarfs. Finally we plotted the color–magnitude diagram
using Gaia bands to study fundamental properties of the stars.
2.4.1 Mean Colors with Gaia DR2
Quantifying the correlation between the new Gaia colors and spectral type is essential to clas-
sify new objects and detect outliers. We calculated Gaia DR2 mean colors as a function of spectral
type for (G − GRP) using the Sub Red sample and (GBP − GRP) and (GBP − G) using the Sub Mix
sample (See Section 2.3.3). We removed 1,680 stars with extinction correction E(r − z) > 0.1 to
avoid photometry contaminated by dust in front of the star. The resulting means and standard de-
viations are shown in Figure 2.10 and enumerated in Table 2.4. We fit a second degree polynomial
to the mean color values as a function of spectral type (shown in Figure 2.10) and give the best fit
parameters in Table 2.5, where σ is the standard deviation of the stars in each bin, which was used
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to weight the fit. We calculated mean values for M0–L4 for the (G − GRP) color, and for M0–M9
for the other two colors because L dwarfs are too faint in the GBP band and did not pass the quality
cuts defined in Section 2.3.3.
The (G − GRP) color has the tightest relation to spectral type, as shown in the top left panel
in Figure 2.10. The (GBP − GRP) and (GBP − G) colors have a tight relation for M0 to M7 stars,
however, the dispersion increases for later spectral types. Therefore we conclude the (G − GRP)
color is the best proxy for spectral type for late-M and L dwarfs in the Gaia bands.
The (G − GRP) color locus in Figure 2.10 has 36 of its most extreme outliers redward (above)
of the mean. These outliers have good photometry in GRP and G bands according to the quality
cuts described in Section 2.3.3, but they have low signal-to-noise fluxes in the blue band, GBP
(mean_flux_over_error < 10). Inspection of the images of these 36 dwarfs showed that
they are binaries or have a close neighbor, which might be causing the excess in the color. These
objects were not removed by the excess cut made in Section 2.3.3 because they have low SNR
GBP photometry. By studying the images, we also confirmed that they were not mismatches. Fur-
thermore, we could not find any peculiarities by plotting these objects in color-color plots for
SDSS colors. We concluded the color excess is likely due to contamination in the GRP band
and we removed them from the analysis. In the MLSDSS-GaiaDR2 sample, these objects are
indicated as photometric_sample_subg = 2, photometric_sample_subred = 2 and
photometric_sample_submix = 2.
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Figure 2.10 Fits to Gaia DR2 colors and absolute magnitudes as a function of spectral type.
Notes: Left panels: Distribution of Gaia DR2 colors for the three Gaia colors as a function of spectral type. We used
the photometric subsample Sub Red for (G−GRP) and the Sub Mix subsample for (GBP −GRP) and (GBP −G) (described
in Section 2.3.3). Right panels: Distribution of Gaia DR2 Absolute Magnitudes for the three photometric Gaia-bands
G, GRP and GBP as a function of spectral type, using the MLSDSS-GaiaDR2 sample. We used the photometric
subsamples Sub G, Sub Red and Sub Mix for MG, MGRP and MGBP respectively (described in Section 2.3.3). For all
the panels we also show the mean values and 1σ and 2σ dispersion, where σ is the standard deviation. The best fit
3rd degree polynomial to the mean values is in a black dashed line and the best fit polynomial parameters are listed in
Table 2.5.
CHAPTER 2. M AND L DWARFS IN GAIA AND SDSS 50
Table 2.4 Mean Gaia DR2 Absolute Magnitudes and Colors for MLSDSS-GaiaDR2
SpT G − GRP GBP − GRP GBP − G MG MGRP MGBP
N mean σ N mean σ N mean σ N mean σ N mean σ N mean σ
M0 1600 0.93 0.04 1599 1.79 0.09 1599 0.87 0.06 1620 8.13 0.76 1600 7.2 0.74 1599 8.99 0.78
M1 1473 1.01 0.04 1468 2.02 0.09 1468 1.0 0.06 1506 8.78 0.83 1473 7.76 0.82 1468 9.78 0.84
M2 2937 1.09 0.03 2934 2.25 0.09 2934 1.16 0.07 2989 9.35 0.69 2937 8.26 0.67 2934 10.51 0.7
M3 3651 1.16 0.03 3624 2.46 0.1 3624 1.31 0.08 3698 9.97 0.74 3651 8.81 0.72 3624 11.27 0.75
M4 2855 1.23 0.04 2790 2.72 0.13 2790 1.49 0.1 2889 10.77 0.77 2855 9.55 0.75 2790 12.25 0.8
M5 1400 1.32 0.05 1131 3.02 0.19 1131 1.72 0.16 1416 11.86 0.85 1400 10.54 0.81 1131 13.38 0.87
M6 2488 1.41 0.04 969 3.39 0.19 969 2.0 0.19 2510 12.92 0.53 2488 11.5 0.5 969 14.67 0.61
M7 2645 1.47 0.05 527 3.64 0.27 527 2.2 0.26 2686 13.54 0.56 2645 12.07 0.52 527 15.48 0.7
M8 1093 1.57 0.05 33 4.18 0.41 33 2.65 0.39 1122 14.6 0.55 1093 13.02 0.51 33 17.04 0.97
M9 354 1.63 0.05 8 4.48 0.32 8 2.91 0.32 363 15.26 0.53 354 13.62 0.5 8 17.92 0.6
L0 119 1.67 0.04 0 · · · · · · 0 · · · · · · 121 16.11 0.44 119 14.45 0.42 0 · · · · · ·
L1 46 1.68 0.04 0 · · · · · · 0 · · · · · · 47 16.82 0.31 46 15.14 0.31 0 · · · · · ·
L2 16 1.7 0.04 0 · · · · · · 0 · · · · · · 16 17.11 0.4 16 15.42 0.39 0 · · · · · ·
L3 6 1.69 0.02 0 · · · · · · 0 · · · · · · 6 17.89 0.59 6 16.21 0.58 0 · · · · · ·
L4 3 1.71 0.03 0 · · · · · · 0 · · · · · · 3 18.51 0.27 3 16.8 0.25 0 · · · · · ·
L5 0 · · · · · · 0 · · · · · · 0 · · · · · · 0 · · · · · · 0 · · · · · · 0 · · · · · ·
L6 1 1.77 0.0 0 · · · · · · 0 · · · · · · 2 18.92 0.17 1 16.98 0.0 0 · · · · · ·
L7 0 · · · · · · 0 · · · · · · 0 · · · · · · 0 · · · · · · 0 · · · · · · 0 · · · · · ·
Note: Number of objects included in calculation (N), mean color or magnitude, and standard deviation (σ) of the
mean.
Table 2.5 Best fit parameters for Gaia magnitudes and colors as a function of spectral type
Band/Color a b c σ Valid Range
G − GRP −0.0036±0.0005 0.11±0.01 0.89±0.02 0.03 M0<SpT<L4
GBP − GRP 0.012±0.002 0.19±0.01 1.81±0.02 0.09 M0<SpT<M9
GBP − G 0.012±0.001 0.11±0.01 0.87±0.01 0.08 M0<SpT<M9
MG −0.023±0.003 1.1±0.1 7.3±0.3 0.52 M0<SpT<L4
MGRP −0.008±0.003 0.8±0.1 6.8±0.2 0.47 M0<SpT<L4
MGBP 0.03±0.01 0.7±0.1 8.9±0.1 1.24 M0<SpT<M9
Note: Results from the best fit to the mean absolute magnitudes and colors as a quadratic function of spectral type,
a×SpT2 + b×SpT + c, with M0=0, M9=9, and L4=14, as shown in Figure 2.10
2.4.2 Mean Absolute Magnitudes with Gaia DR2
We used the MLSDSS-GaiaDR2 sample to calculate mean absolute magnitudes in the three
Gaia DR2 bands as a function of spectral subtype of M and L dwarfs using Gaia DR2 parallaxes.
We chose the appropriate photometric subsample described in Section 2.3.3 for each band: Sub
G for MG, Sub Red for MGRP and Sub Mix for MGBP . As in the previous section, we removed
stars with high extinction corrections (E(r − z) > 0.1) to minimize photometry contaminated by
foreground dust. The distributions of absolute magnitudes as a function of spectral subtype are
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shown in Figure 2.10 right panels and listed in Table 2.4.
Note that with the parallax SNR cut applied to the astrometric subsample, we selected a max-
imum of 10% uncertainty in distance, which corresponds to a maximum of 0.2 mag uncertainty
in absolute magnitude (parallax_over_error> 10, see Section 2.3.3 for details, Lindegren
et al. 2018).
For the GBP band, the standard deviation of the distribution of absolute magnitudes per
spectral type (σ) increases towards later spectral types as shown in Table 2.4. This effect
is due to the higher uncertainties in the GBP band for fainter, redder stars (M0 stars have a
mean flux SNR in the blue band of phot_bp_mean_flux_over_error = 137 and M8 of
phot_bp_mean_flux_over_error = 12). In the GRP and G bands, the standard deviation
for late M dwarfs is one order of magnitude smaller than in the GBP band. This is because the
photometry in GRP and G bands have higher SNR than the blue band for our sample (M0 stars
have a mean flux SNR in the red band of 353 and in the G band of 1274, and M8 71 and 279,
respectively).
To quantify the relationship between absolute magnitude and spectral type, we fit a second
degree polynomial to the mean values as a function of spectral type, shown as a black dashed
line in Figure 2.10. We used the σ as a weight to perform the fit. The best fit parameters for the
polynomial are given in Table 2.5.
While the vast majority of the sample is well-characterized by a second degree polynomial in
absolute magnitude versus spectral type, there are ∼ 1000 outliers (∼ 4.7%) more than 2σ away
from the mean in each plot in the right panel of Figure 2.10. For spectral type earlier than M3,
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the majority of outliers are fainter than the average fit, and the opposite is the case after M3. We
surmise that the scatter towards fainter absolute magnitudes for earlier spectral types is associated
with low metallicity, halo or thick disk stars, while the scatter towards brighter absolute magnitudes
is related to high metallicity, magnetic activity and/or unresolved binarity. We discuss the relation
to age of these particular features in Section 2.6.
2.4.3 The SDSS-2MASS-Gaia M and L Dwarf Stellar Locus in Color Space
Previous work (e.g. Covey et al., 2007; Davenport et al., 2014) has shown the power of charac-
terizing the color-color space of the stellar locus to classify stars, detect sources of contamination
in a sample, and to calculate extinction corrections. A characterized stellar locus for Gaia colors of
M and L dwarfs provides a continuous parametrization of color as a function of effective temper-
ature and facilitates finding color outliers for follow up. Furthermore, incorporating photometry
from other surveys provides a relation between colors that will allow us to estimate Gaia DR2
photometry for M or L dwarfs from other catalogs colors, or vice versa. We used the MLSDSS-
GaiaDR2 sample which contains Gaia (G, GBP and GRP), SDSS (u, g, r, i and z) and 2MASS (J,
H and Ks) photometry to search for an optimal characterization locus for M and L dwarfs. The
characterized stellar locus is shown for (r − z), (i − z), (i − Ks), (J − Ks), (GBP − GRP) and (GBP − G) in
Figure 2.11.
We chose (G−GRP) as a grounding color because it has the tightest relation to spectral type (see
Section 2.4.1). We used the appropriate photometric subsample described in Section 2.3.3 for each
plot: Sub Red for (r −z), (i−z), (i−Ks), (J −Ks) and Sub Mix for (GBP −G) and (GBP −GRP). We also
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selected stars with good SDSS photometry using the GOODPHOT_SDSS flag (see Section 2.3.1 for
more details on this cut), including the highest possible number of objects with good photometry
in the analysis (median SNR ∼ 900 for SDSS photometry, ∼ 300 for 2MASS photometry, ∼ 700
for G band,∼ 200 for the GRP band,∼ 50 for the GBP band). We modeled the sequence using a step
of δ(G − GRP) = 0.05 for the full color range covered by M and L dwarfs (0.8< (G − GRP)< 2.0).
Most of the colors have a linear, non-zero-slope relation with (G − GRP). The (r − z) and (i − z)
linear relations are consistent with previous work (Covey et al., 2007; Davenport et al., 2014;
Schmidt et al., 2015). (J − Ks) has a flat relation with (G − GRP) for early M and a slightly positive
slope for (G − GRP) > 1.4, which indicates it is not a good color to distinguish spectral type. This
result is consistent with the conclusions in Schmidt et al. (2015) for (J − H). The linear relation
between (r − z), (i − z), (i − Ks) and (G − GRP) breaks for L dwarfs at (G − GRP) ∼ 1.7. We will
discuss this break in Section 2.5. Finally, (GBP − GRP) and (GBP − G) have a tight linear relation
with (G − GRP). The low dispersion of outliers for these colors is due to the photometric cuts
applied to create the subsample Sub Mix.
2.4.4 Gaia DR2 Color Magnitude diagrams
To put the MLSDSS-GaiaDR2 sample in broader stellar context, we compare it to the solar
neighborhood (≤ 100 pc) sample in the MG vs (G − GRP) color–magnitude diagram (CMD, Figure
2.12). Given that we used the red Gaia color (G − GRP), we used the photometric subsample Sub
Red to use the highest number of stars with good photometry in the analysis. We chose this color
because it has the tightest relation with spectral type (see Figure 2.10) and we decided to use MG
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Figure 2.11 SDSS-2MASS-Gaia M and L dwarfs color-color stellar locus for (r − z), (i− z), (i−Ks)
and (J − Ks).
Notes: We show individual stars color-coded by density (grey), and the mean and standard deviation of the locus (blue
points with error bars). We used (G − GRP) to calculate the locus, so we chose the photometric subsample Sub Red
discussed in Section 2.3.3 and selected stars with good SDSS photometry.
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because this band has the smallest photometric error for all stars in the MLSDSS-GaiaDR2 sample
(see Figure 2.6). The solar neighborhood sample shows the full main sequence as well as the
beginning of the red giant branch and the white dwarf sequence, while M and L stars from the
MLSDSS-GaiaDR2 sample fall at the faint, red end of the main sequence.
The MLSDSS-GaiaDR2 sample color–magnitude diagram is shown again in Figure 2.13 with
SDSS spectral type color coded. Note that the gap around M5 is due to SDSS selection effects
which were pointed out by West et al. (2011). In this figure, the main sequence widens for stars
fainter than (G − GRP) ∼ 1.05. This effect could be related to the transition into fully convective
low mass stars.
For earlier-type stars (G − GRP < 1.3), there is a significant number of objects below the main
sequence. These objects are likely to be low metallicity, old stars. This faint outlier population
is not present for later types (G − GRP > 1.3). This is not likely to be a result of the quality cuts
we made in Section 2.3.3 because the scatter is not present when there are no cuts applied (see
Figure 2.9). The lack of scatter in the region where subdwarfs typically lie for later types could be
a selection effect from SDSS or a physical difference in the colors of later-type subdwarfs (which
could be less blue than their earlier spectral type counterparts West et al., 2004; Lépine & Scholz,
2008). To corroborate that the stars scattered below the main sequence are primarily subdwarfs,
we cross-matched MLSDSS-GaiaDR2 with the catalog of subdwarfs from Savcheva et al. (2014).
From this cross-match we found 376 subdwarfs in the MLSDSS-GaiaDR2 sample which had good
photometry and astrometry according to our quality cuts (Section 2.3.3). In Figure 2.14 we show
a color–magnitude diagram of these 376 subdwarfs compared to the MLSDSS-GaiaDR2 sample.
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Figure 2.12 Clean color–magnitude diagram for the MLSDSS-GaiaDR2 sample.
Notes: We color-coded the stars with its density map, and we applied the quality cuts described in 2.3.3. We added
the 100pc Sample from Gaia DR2 in gray, also color-codded with its density map. To clean the MLSDSS-GaiaDR2
sample we used the quality cuts in the photometric subsample Sub Red.
We also included the distinction between subdwarfs (sdMs), extreme subdwarfs (esdMs) and ultra-
subdwarfs (usdMs) according the metallicity proxy (ζ) (Lepine et al., 2007; Dhital et al., 2012). As
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expected, the esdMs fall the furthest below the main sequence, with the usdMs and sdMs falling
progressively closer to main sequence stars, consistent with Savcheva et al. (2014). However, some
of the Savcheva et al. (2014) subdwarfs fall on the main sequence of our color–magnitude diagram.
Many of these stars have relatively low signal-to-noise spectra and may have been mis-classified
as subdwarfs in that work.
Bochanski et al. (2013) found that the separation between subdwarf types was ∼ 1 mag in
Mr at a given r − z color or spectral type, which is approximately the same separation we observe
in Figure 2.14 for MG at a given G − GRP. The position of the subdwarfs in the color–magnitude
diagram is also consistent with other work on metal-poor M dwarfs (see for e.g. Lepine et al. 2007;
Jao et al. 2008, 2017).
There are also sources scattered above the main sequence, likely caused by M dwarf binaries,
high metallicity, magnetic activity (see Section 2.6.1), and dust contamination in Gaia bands (see
Section 2.3.2). Note that some of the most distant stars from the main sequence could be binaries
with an M dwarf primary and a giant companion (Gaia Collaboration et al., 2018a). The scatter
above and below the main sequence is discussed in more detail in Section 2.6.
2.5 M and L dwarf Absolute Magnitudes in SDSS and 2MASS
Bands
Gaia DR2 distances are an order of magnitude more precise than the photometric distances in
MLSDSS (uncertainties of∼ 5% versus∼ 20%), allowing us to calculate absolute magnitudes with
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Figure 2.13 Color-magnitude diagram for the MLSDSS-GaiaDR2 sample, color-coded by spec-
troscopic spectral type.
Notes: To clean the MLSDSS-GaiaDR2 sample we used the quality cuts in the photometric subsample Sub Red, as in
for Figure 2.12.
a median error of 0.15 mag for SDSS photometry and 0.12 mag for 2MASS photometry. We re-
calculated the relationship between absolute magnitudes and spectral type for SDSS and 2MASS
photometry with these new values and the relationship between absolute magnitudes and the (r − z)
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Figure 2.14 Color–magnitude diagram of the MLSDSS-GaiaDR2 sample compared to position od
subdwarfs.
Notes: Contours in gray of the color-magnitude diagram of MLSDSS-GaiaDR2 with the 376 matches with the subd-
warfs from Savcheva et al. (2014). We distinguish between subdwarfs (sdMs; light green), extreme subdwarfs (esdMs;
green) and ultrasubdwarf (usdMs; dark green) as assigned by Savcheva et al. (2014) using the metallicity proxy ζ. We
note that most subdwarfs fall below the main sequence as expected.
color. These relations are useful to estimate spectrophotometric and photometric distances for stars
that are not in Gaia DR2, as shown by previous work, which was based on less than a hundred
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stars with parallaxes (e.g. Hawley et al., 2002; Bochanski et al., 2010). We caution, however, that
because the MLSDSS-GaiaDR2 sample has not been vetted for binaries and low metallicity stars,
it may be subject to biases not present in the previous, smaller samples.
To generate the most accurate relationship between absolute magnitudes and spectral type and
color, we applied the astrometric cuts discussed in Section 2.3.3 and the photometric cut for SDSS
photometry discussed in Section 2.3.1, thereby selecting objects with the best astrometry and pho-
tometry available. The distribution of absolute magnitudes as a function of spectral type is shown
in Figure 2.15 and as a function of color in Figure 2.16.
For each spectral type we calculated the mean value and the standard deviation (σ) in absolute
magnitude. We also performed a fit to the mean values as a function of spectral type with σ as
weights. The fit only extends to spectral type L4 due to the small number of later-type objects; most
objects later than L4 are too faint to be in Gaia DR2 and so cannot be included (See Section 2.3.2).
The best fit parameters for SDSS riz and 2MASS JHKs absolute magnitudes are listed in Table 2.6.
For comparison, we included the mean values as a function of spectral type calculated by Hawley
et al. (2002) from a sample of 718 M and L dwarfs with photometric distances. We note that our
fit for Mr, Mi and Mz lies above the values calculated by that work. This is likely in part due to
the uncertainties in the photometric distance, but also may be due to the binary population in our
sample when performing the fit: binary systems with two equal mass components fall 0.7 mag
above the main sequence, which could result in brighter mean absolute magnitude.
While most of the MLSDSS-GaiaDR2 sample follows the mean trend for absolute magnitude
as a function of spectral type, there are outliers in each spectral type bin that are more than 2σ
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from the mean in absolute magnitude. These outliers have a distribution similar to that in the
Gaia photometric color–magnitude diagram (Figure 2.13). Those scattered to fainter absolute
magnitudes can be associated with low metallicity stars and are only present for earlier spectral
types. The scatter towards brighter absolute magnitudes is mostly present for early and mid-M
dwarfs and can be associated with binarity, high metallicity, and/or magnetic activity. We will
discuss more this scatter in Section 2.6.
We also examined the relationships between SDSS riz and 2MASS JHKs absolute magnitudes
as a function of the (r − z) color. We selected (r − z) as the base color because it is a good indicator
of spectral type/effective temperature for M dwarfs. We divided the (r − z) axis in intervals of 0.5
mag and calculated the mean value and standard deviation for each interval. We fit the mean values
with a third degree polynomial using the standard deviations as weights. We performed a fit for
0.5< r − z< 4.5 mag (corresponding to M0–M9 dwarfs) because for L dwarfs, the main sequence
turns over, as shown in Figure 2.16. This is the same break shown in the stellar color locus analysis
in Figure 2.11 at color (G−GRP)∼ 1.7. It means the relation between absolute magnitude and color
cannot be used beyond this point because the two quantities are no longer related in the same way.
The best fit parameters are in Table 2.7.
We find that Mr has the tightest relation with (r −z) color. The spread above and below the main
sequence increases for the i and z-bands. Furthermore, all three 2MASS bands (right panels) have
higher spread above and below the main sequence than SDSS bands, and it also increases for the
Ks bands in comparison with J and H. We compared our data and fit in Mr versus (r − z) to the fit
from Bochanski et al. (2010) as a check on our accuracy. The two fits are in good agreement, and
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Figure 2.15 Distribution of absolute magnitudes as a function of spectral type for SDSS and
2MASS photometry.
Notes: We show the mean values and the 1σ and 2σ dispersion, where σ is the standard deviation per bin of spectral
type. In a black dashed line we show the second-order polynomial fit to these data, with parameters listed in Table
2.6. In light gray we show the outliers for each relation. We include results from Hawley et al. (2002) in blue for
comparison.
both fall over the highest density of data points.
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Figure 2.16 Distribution of absolute magnitudes as a function of color for SDSS and 2MASS
photometry.
Notes: We show the density map of stars in gray and the mean values and standard deviation per bin of color in black.
We show a third-order polynomial fit to stars between 0.5 < r − z < 4.5, with parameters listed in Table 2.7. The
Bochanski et al. (2010) fit to Mr as a function of r − z is shown in the upper left panel, and is consistent with our fit.
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Table 2.6 Best fit parameters for SDSS and 2MASS magnitudes as a function of spectral type.
Band a b c σ
Mr −0.03±0.01 1.3±0.1 7.2±0.4 0.62
Mi −0.009±0.004 0.9±0.1 6.8±0.2 0.55
Mz −0.005±0.003 0.74±0.05 6.7±0.2 0.5
MJ −0.007±0.002 0.65±0.04 5.7±0.1 0.47
MH −0.012±0.002 0.69±0.03 5.0±0.1 0.48
MKs −0.012±0.002 0.66±0.03 4.8±0.1 0.47
Note: Best fit parameters to a quadratic fit to SDSS and 2MASS absolute magnitudes as a function of spectral type,
M = a×SpT2 + b×SpT + c, as shown in Figure 2.15. The fit was based on stars with spectral types M0–L4.
Table 2.7 Best fit parameters for SDSS and 2MASS magnitudes as a function of color.
Band a b c d σ
Mr −0.1±0.08 0.63±0.68 1.49±1.62 6.35±1.1 0.45
Mi −0.1±0.07 0.62±0.59 0.94±1.41 6.18±0.96 0.46
Mz −0.09±0.06 0.59±0.5 0.68±1.21 6.1±0.83 0.45
MJ −0.09±0.06 0.58±0.45 0.54±1.1 5.08±0.76 0.45
MH −0.08±0.05 0.49±0.44 0.8±1.09 4.26±0.76 0.46
MKs −0.08±0.05 0.49±0.42 0.72±1.04 4.15±0.72 0.45
Note: Results from the best fit to SDSS and 2MASS absolute magnitudes as function of color with a third degree
polynomial, M = a× (r − z)3 +b× (r − z)2 +c× (r − z)+d, as shown in Figure 2.15. The fit is valid between 0.5< r − z<
4.5.
2.6 Age-related parameters
One of the primary goals for analysis of the MLSDSS-GaiaDR2 sample is to calibrate ob-
servable age indicators for M and L dwarfs. In this section, we examine the following activity-
related and kinematic age indicators: (1) fractional Hα luminosity (LHα/Lbol), (2) vertical velocity
dispersion (σW ), (3) vertical action dispersion (σJZ ), and (4) tangential velocity (vt). The rela-
tionship between Hα, kinematics, and age has been explored in previous works (e.g., West et al.,
2008b; Pineda et al., 2013). However our kinematics significantly improve the 20% uncertainties
on MLSDSS data as Gaia DR2 contains proper motions with uncertainties of 1% and distances
with uncertainties of 5%.
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2.6.1 Fractional Hα luminosity on the Gaia color–magnitude diagram
Fractional Hα luminosity (LHα/Lbol) is a parameterization of the strength of the chromospheric
Hα emission line which removes the dependence on the continuum that is a factor with EW mea-
surements. This fractional Hα luminosity is an age indicator because it is a measure of stellar mag-
netic activity, which is presumed to be age-dependent: young stars have higher magnetic activity
while old stars are less active or inactive (e.g., Skumanich, 1972; Baliunas et al., 1995; Donahue
et al., 1996; West et al., 2008b; Mamajek & Hillenbrand, 2008). We show the relationship between
fractional Hα luminosity and the position of the star on the Gaia color–magnitude diagram in Fig-
ure 2.17, including inactive stars for comparison. To mitigate the effects of dust extinction which
can also scatter stars on the color–magnitude diagram, we remove stars with high SDSS extinction,
meaning E(r − z)> 0.1.
As shown in Figure 2.17, the majority of the low mass, red stars (G − GRP > 1.3; >M5), are
both active and fall along the main sequence. The high fraction of active stars is due to the long
(∼7 Gyr) active lifetimes of late-M and L dwarfs (Gizis et al., 2000; West et al., 2004, 2008b;
Schmidt et al., 2015).
We find a clear correlation between activity and the position in the color–magnitude diagram
for the bluer ((G − GRP) < 1.3;<M5) stars and in Figure 2.18, we zoom into this region. Active
stars are found, on average, at redder colors and/or brighter magnitudes than inactive stars. The
four most probable causes are youth, metallicity, binarity and/or magnetic activity. The effects of
each are described below.
To investigate the effect of youth, we compared the color–magnitude position of the active
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Figure 2.17 Color–magnitude diagram of the MLSDSS-GaiaDR2 sample color-coded with frac-
tional Hα luminosity.
Notes: Gaia color–magnitude diagram, with magnetically active stars color coded by fractional Hα luminosity and
inactive stars shown for comparison (grey points). We also include a contour plot for the full MLSDSS-GaiaDR2
sample. Extinction caused by dust between the star and the observer might inadvertently drive colors redward for non-
young stars, therefore we removed stars which required a high extinction correction in SDSS photometry (E(r − z) >
0.1).
stars with the position of three known young moving groups from Gagné & Faherty (2018): Tau-
rus (TAU, 1 − 2 Myr), β Pictoris (βPMG, 24± 3 Myr) and Carina-Near (CARN, ∼ 200 Myr;
Figure 2.18). The oldest of the moving groups, CARN, is the closest to the main sequence, while
the younger groups fall above it, mostly due to the stars still contracting and having larger radii
than stars of the same mass that have reached the main sequence. While these young stars are
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active, they are on average not as active as the most strongly active stars in the MLSDSS-GaiaDR2
sample. Therefore we speculate their position above the main sequence is primarily due to their
pre-main sequence radius rather than their activity level. The comparison between these young
stars and the active MLSDSS-GaiaDR2 stars provides an estimate of how much radius inflation
due to youth is responsible for their position on the color–magnitude diagram.
In Figure 2.18, we show that active MLSDSS-GaiaDR2 stars that lie just above the main se-
quence have approximately the same position as the 24 Myr moving group βPMG. However, these
active stars are unlikely to be young: they are within 200 pc from the Sun but there are a lim-
ited number of associations at or around 24 Myr at these nearby distances (e.g. 32 Orionis, see
Faherty et al. 2018) and none of these stars appear to be members of known young groups. Fur-
thermore, most of the early M dwarfs in MLSDSS-GaiaDR2 are highly separated from the plane
of the Galaxy which indicates they are old (e.g., West et al., 2004). Therefore the position of the
active stars at redder colors and/or brighter magnitudes than inactive stars is not due entirely to
youth.
Binarity could also affect the position of active stars in the color–magnitude diagram. Tight
binaries are more luminous and could be more active due to tidal interactions (Shkolnik et al.,
2011).
Another factor that influences the position of stars on the color-magnitude diagram is its metal-
licity. Mann et al. (2015) showed that high metallicity M dwarfs tend to have larger radii than low
metallicity M dwarfs for a given effective temperature. This effect could be another factor in the
position of active stars on the color-magnitude diagram.
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Moreover, Bochanski et al. (2011) showed that active stars fall even redder and/or higher above
the main sequence than inactive stars with the same metallicity. Active stars have been shown to
have inflated radii, possibly caused by strong surface magnetic fields (e.g. Lopez-Morales & Ribas,
2005; Morales et al., 2009; Torres, 2013). Observations of young low-mass stars show radii that
are, at a fixed mass, 10–15% larger than predicted by evolutionary models (e.g. Somers & Stassun,
2017; Cruz et al., 2018; Kesseli et al., 2018). Stassun et al. (2012) showed that for low mass
stars, the activity strength of active stars (as indicated by LHα/Lbol and LXray/Lbol) is correlated
with inflated radii and cooler effective temperatures compared to inactive stars. They also found
that radius inflation and cooler temperatures cancel the effect of magnetic activity on bolometric
luminosity, meaning that these effects should mostly cause horizontal shifts on the color magnitude
diagram, not vertical ones.
Youth, binarity, metallicity, and activity can all play a role in scattering M0–M5 stars, shown in
the top panel of Figure 2.18 to redder colors and/or brighter magnitudes than the bulk of the main
sequence. Metallicity and binarity effects seem combined with activity to lift stars further off the
main sequence, however, it is unlikely our active stars are particularly young. Magnetism likely
plays a strong role in the position of active stars on the color-magnitude diagram. This effect might
also exist for the later spectral types (>M5) but it is not evident in our current analysis.
2.6.2 Vertical velocity and vertical action dispersion
Full three-dimensional space motion has been shown to trace stellar ages in the Galaxy. As
stars age, increased interactions with giant molecular clouds and passing stars result in kinematic
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Figure 2.18 Color–magnitude diagram of the MLSDSS-GaiaDR2 sample compared to the position
of the members of young associations.
Notes: Top panel: Zoom in of Figure 2.17. We included a reference to the effect of metallicity and radius inflation
due to magnetic activity (lower effective temperature at approximately fixed luminosity) on the position of stars in the
color–magnitude diagram with two arrows. These show an approximate direction for increasing metallicity (Z) and
constant bolometric luminosity (|~B|) calculated from Mann et al. (2015). Lower panel: We show the same contour
plot for the full sample as in the top panel with three known moving groups members with known ages: Taurus (TAU,
1 − 2 Myr), β Pictoris (βPMG, 24±3 Myr) and Carina-Near (CARN, ∼ 200 Myr). Active stars on the top panel look
as young as 24 Myr, but as this is not consistent with what we know from our sample we believe metallicity and, for
the active stars, radius inflation are the causes of the scattered data.
CHAPTER 2. M AND L DWARFS IN GAIA AND SDSS 70
heating. Therefore one can use the overall velocity distribution of a population of stars to infer the
age of that population via an age-velocity dispersion relation (AVR; e.g. Wielen, 1977; Hänninen
& Flynn, 2002). Previous works have used full kinematics, or tangential velocity as a proxy for full
space motion, to estimate the kinematic age of the low-mass star population compared to higher
mass stars (e.g. Schmidt et al., 2007; Zapatero Osorio et al., 2007; Faherty et al., 2009; Reiners
& Basri, 2009). Vertical action is related to the vertical component of a star’s angular momentum
integrated over the gravitational potential of the Milky Way. Previous work has showed that in
particular, vertical velocity and vertical action dispersion (σW and σJZ ) are correlated with age (e.g.
West et al., 2006, 2008b; Nordstrom et al., 2004; Aumer et al., 2016a; Yu & Liu, 2018). As we
do not have ages for the stars in the MLSDSS-GaiaDR2 sample yet, we studied the correlation
between σW and σJZ and fractional Hα luminosity, another age indicator (see Section 2.6.1 for the
Hα analysis).
We calculated vertical actions and vertical velocities using positions, proper motions and par-
allaxes from Gaia DR2 and radial velocities from MLSDSS. Note that the stars in the MLSDSS-
GaiaDR2 sample are too faint to have radial velocities in Gaia DR2. For this analysis we used the
good astrometric sample described in Section 2.3.3 and we added cuts for radial velocity signal
to noise: rv/rv_err > 2 and absolute value: ‖rv‖ < 500 km/s. The number of stars after the
extra cuts for radial velocity is 15,988 (67% of the good astrometric sample of 23,842 stars). We
also removed stars categorized as white dwarf-M dwarf binaries because the white dwarf can affect
the magnetic field of the companion (see Section 2.3.1, Morgan et al. 2012). To compute vertical
velocities and vertical actions we used Galpy3 (Binney, 2012; Bovy & Rix, 2013; Bovy, 2015) and
3http://github.com/jobovy/galpy
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W. Trick’s code4 with the Milky Way potential from Bovy (2015). Uncertainties on these values
were computed via Monte Carlo.





) into six regularly spaced bins and calculated the dispersion per bin (σbin). The
value of fractional Hα luminosity assigned to each σbin corresponds to the middle of the bin. To
calculate the dispersion per bin we used the median absolute deviation to alleviate the influence
of outliers. Uncertainties on the median absolute deviation were estimated, again by performing
Monte Carlo re-sampling of data points within their uncertainties.
Results for the dispersion of vertical velocity as a function of Hα luminosity are presented
in Figure 2.19. We divided the data into three spectral type bins: SpT≤M4, M5≤SpT<M8 and
M8≤SpT, as well as two categories of active and inactive stars (see Section 2.3.1 for more detail on
the classification of active and inactive). For the active stars, we find that σW is lower for high Hα
activity stars than for less active stars, and inactive stars have a higher vertical velocity dispersion
than active stars on average. Magnetically active stars are younger than less active or inactive stars
(e.g., Skumanich, 1972; West et al., 2008b), therefore Figure 2.19 is showing that vertical velocity
is also correlated with age: young stars have a smaller vertical velocity dispersion because they
have had less time to experience orbital perturbations in the Z direction (out of the galactic plane).
The activity-velocity dispersion relation does not show an obvious dependence on spectral
type which is a proxy for mass for mid and late dwarfs (SpT > M5). Active early-M dwarfs
have higher vertical velocity dispersions compared to later type dwarfs. This is likely due to
4https://github.com/wilmatrick/GaiaSprint/blob/master/Action_Galpy_Tutorial.
ipynb
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the detection threshold for the proper motions of the most distant M dwarfs; those with lower
tangential velocities have lower quality proper motions, so only stars with high velocities have
reliable proper motions, therefore biasing the dispersion to larger values (Bochanski et al., 2011).
Moreover, the sample of early-M dwarfs is biased towards old stars compared to the sample of mid-
to late-M dwarfs due to selection effects. The SDSS photometric detectors saturated for sources
brigher than 14 mag in r, they cannot obtain reliable photometry for M0 − M4 dwarfs found closer
than 100 − 200 pc to the Sun. On the faint end, SDSS spectra only have sufficient quality to
be included in the sample of objects brighter than ∼ 23 mag in r, including early-M dwarfs as
distant as ∼ 1 − 2 kpc but late-M dwarfs only are detected at a distance of ∼ 100 − 200 pc. As a
consequence, early-M dwarfs found in the MLSDSS-GaiaDR2 sample are typically higher above
the plane of the Galaxy and so they are likely older than later-type M dwarfs.
We calculated vertical action using a similar procedure used to calculate vertical velocity, and
Figure 2.20 shows vertical action dispersion as a function of fractional Hα luminosity. In this case,
not all of the vertical action distributions are gaussian, so the distributions of dispersion per bin
are also not a gaussian. Therefore, we represent the uncertainties with the 16 and 64 percentiles.
Similarly to the vertical velocity analysis, inactive stars have significantly larger vertical action dis-
persion than active stars, and for active stars, the dispersion decreases with increasing Hα activity.
This indicates that vertical action dispersion, similar to the vertical velocity dispersion, is another
age indicator: young stars have low vertical action dispersion while old stars have higher disper-
sion because they were kinematically heated. Early M-dwarfs in Figure 2.20 seem to have higher
vertical action dispersion; however, this is likely due to the same biases from distant M dwarfs
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Figure 2.19 Vertical velocity dispersion (σW ) as a function of fractional Hα luminosity.
Notes: The dispersion is the median absolute deviation of points within each bin. The left panel contains the dispersion
calculated for all the stars classified as inactive in MLSDSS and the right panel the active ones. The number of stars
that were used to calculate the dispersion value is indicated next to each point. We used the Good Astrometry sample
described in Section 2.3.3 plus cuts for the radial velocity (see 2.6.2).
explained above.
Figures 2.19 and 2.20 are the first steps to obtaining a functional description of how kinematics
indicate the age of low mass stars (e.g. work such as Wielen (1977) for higher mass stars).
2.6.3 Tangential velocity
With Gaia DR2 we were able to calculate precise tangential velocities for 22,373 M and L
dwarfs in the MLSDSS-GaiaDR2 sample. To explore the disk and halo populations of stars in our
catalog, we studied the correlation between tangential velocity (vtan) and color–magnitude diagram
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Figure 2.20 Vertical action dispersion (σJZ ) as a function of fractional Hα luminosity.
Notes: See caption of Figure 2.19. The error-bars are the 16 and 64 percentiles.
position for the MLSDSS-GaiaDR2 sample (Figure 2.21) as done by previous work (Lepine et al.,
2007; Gizis & Reid, 1999; Jao et al., 2017).
There is a significant number of stars below the main sequence for (G − GRP)< 1.3 which have
a high tangential velocity, with vtan ∼ 200 km/s, in comparison to the rest of the stars in the sample,
with vtan ∼ 50 km/s. Such objects that are blue and fast are likely members of the older thick
disk or halo. At least half of these stars were classified as subdwarf candidates with the cuts in
Gizis & Reid (1999) and Jao et al. (2017). Furthermore, our stars are in the same place in the
color–magnitude diagram as the subdwarfs in Jao et al. (2017), and 376 of them were classified
as subdwarfs by Savcheva et al. (2014) (See Section 2.4.4). These high tangential velocity objects
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also have low fractional Hα luminosities (see Figure 2.17). The lack of magnetic activity paired
with high tangential velocities, low metallicities, and blue optical colors affirms they are likely an
older population of low mass stars.
Figure 2.21 Color–magnitude diagram of the MLSDSS-GaiaDR2 sample color-coded with tan-
gential velocity.
Notes: Stars below the main sequence have high tangential velocity and are inactive stars as shown in Figure 2.17.
This is consistent with being low metallicity stars and halo or thick disk stars. These are indicators that they are old
stars.
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2.7 Conclusions
We compiled the MLSDSS-GaiaDR2 sample of 74,216 M and L dwarfs. To create the sample
we combined two SDSS catalogs: the SDSS DR7 M dwarfs spectroscopic catalog (West et al.,
2011) and the BUD catalog (Schmidt et al., 2015, 2019, in prep), into the MLSDSS sample. Hα
equivalent widths, spectral types and radial velocities were calculated by the authors of these cat-
alogs. We cross-matched the MLSDSS sample with Gaia DR2 to obtain proper motions and
parallaxes for the stars. We found 73,003 matches and we used a very conservative criterion to
identify 67,573 good matches. We adjusted some of the quality cuts suggested by the Gaia Pa-
pers (e.g. Lindegren et al., 2018; Evans et al., 2018; Arenou et al., 2018; Gaia Collaboration et al.,
2018a) to make them suitable for the later M and L dwarfs. The final MLSDSS-GaiaDR2 sample
contains Hα equivalent widths, spectral types, SDSS, 2MASS and Gaia photometry and proper
motions and parallaxes from Gaia DR2. The good astrometric sample contains 23,842 stars and
the good photometry sample for the G, GRP and GBP bans have 22,706, 22,373 and 16,527 stars
respectively.
With the MLSDSS-GaiaDR2 sample we calculated mean absolute magnitudes and colors as a
function of spectral type using the three photometric bands in Gaia DR2: G, GRP and GBP. Fur-
thermore, we characterized the color-color space of the stellar locus for Gaia, SDSS and 2MASS
colors. We used the distances calculated with Gaia DR2 parallaxes, which are one order of mag-
nitude better than the photometric distances from MLSDSS, to plot the color–magnitude diagram
for the MLSDSS-GaiaDR2 sample. We found that the main sequence widens as it goes towards
cooler stars. This effect starts around spectral type M3 and could be related to the transition to
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fully convective interior. We also used the the MLSDSS-GaiaDR2 SDSS and 2MASS photometry
to calculate absolute magnitudes as a function of spectral type and color for the riz-photometry
and J, H and Ks bands. We compared our results with Hawley et al. (2002) and Bochanski et al.
(2011) and found good agreement.
We noticed that active stars are found, on average, at redder colors and/or brighter magni-
tudes than inactive stars in the color–magnitude diagram. Comparing to the position in the color–
magnitude diagram of three young moving groups with different ages we found that youth alone
cannot explain the position of active stars. The stars in the MLSDSS-GaiaDR2 sample are mostly
high above the galactic plane, therefore unlikely to be young. We hypothesize that the position of
active stars might be due to binarity, metallicity and/or that magnetism likely plays a strong role
by inflating the radii of the stars and reducing their effective temperature, which makes them look
redder.
Furthermore, we found that early types of inactive stars that are faint in absolute magnitude
(below the main sequence) have high tangential velocities (∼ 150 km/s), which indicates they
belong to the halo or thick disk and that they are an old population of M dwarfs. Furthermore, 376
of these were identified as subdwarfs by Savcheva et al. (2014).
Finally, we studied the relation between vertical velocity and vertical action dispersion with
fractional Hα luminosity. We found that stars with higher Hα activity have lower dispersion both
in vertical velocity and vertical action and stars with lower Hα activity or inactive have higher
dispersion. As Hα is an age indicator, this means that young (active) stars live close to the plane
of the galaxy, so their vertical action and vertical velocity dispersion is small, and old (less active
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or inactive) stars were kinematically heated, so their dispersion is higher. In future work we will
fit these relations using bayesian inference and we will constrain the ages of M and L dwarfs using
the age indicators in the MLSDSS-GaiaDR2 sample.
2.8 Acknowledgments
The authors would like to thank Andrew Mann, John Bochanski, Ricky Smart, Jonathan Gagné
and Eric Mamajek for useful discussions and helpful comments on this work. The authors would
also like to thank the referee for their comments, which were very useful in clarifying and improv-
ing the analysis and results.
This work is supported by: SDSS Faculty and Student Team (FAST) initiative, NASA through
the American Astronomical Society’s Small Research Grant Program, the American Museum of
Natural History (AMNH) and the National Science Foundation under Grant No. 1614527. This
publication makes use of data products from the Two Micron All Sky Survey, which is a joint
project of the University of Massachusetts and the Infrared Processing and Analysis Center/Cal-
ifornia Institute of Technology, funded by the National Aeronautics and Space Administration
and the National Science Foundation. Funding for SDSS-III has been provided by the Alfred P.
Sloan Foundation, the Participating Institutions, the National Science Foundation, and the U.S.
Department of Energy Office of Science. The SDSS-III web site is http://www.sdss3.org/. SDSS-
III is managed by the Astrophysical Research Consortium for the Participating Institutions of the
SDSS-III Collaboration including the University of Arizona, the Brazilian Participation Group,
Brookhaven National Laboratory, University of Cambridge, Carnegie Mellon University, Univer-
CHAPTER 2. M AND L DWARFS IN GAIA AND SDSS 79
sity of Florida, the French Participation Group, the German Participation Group, Harvard Univer-
sity, the Instituto de Astrofisica de Canarias, the Michigan State/Notre Dame/JINA Participation
Group, Johns Hopkins University, Lawrence Berkeley National Laboratory, Max Planck Institute
for Astrophysics, Max Planck Institute for Extraterrestrial Physics, New Mexico State Univer-
sity, New York University, Ohio State University, Pennsylvania State University, University of
Portsmouth, Princeton University, the Spanish Participation Group, University of Tokyo, Univer-
sity of Utah, Vanderbilt University, University of Virginia, University of Washington, and Yale
University. Funding for the SDSS and SDSS-II has been provided by the Alfred P. Sloan Foun-
dation, the Participating Institutions, the National Science Foundation, the U.S. Department of
Energy, the National Aeronautics and Space Administration, the Japanese Monbukagakusho, the
Max Planck Society, and the Higher Education Funding Council for England. The SDSS Web
Site is http://www.sdss.org/. The SDSS is managed by the Astrophysical Research Consortium for
the Participating Institutions. The Participating Institutions are the American Museum of Natu-
ral History, Astrophysical Institute Potsdam, University of Basel, University of Cambridge, Case
Western Reserve University, University of Chicago, Drexel University, Fermilab, the Institute for
Advanced Study, the Japan Participation Group, Johns Hopkins University, the Joint Institute for
Nuclear Astrophysics, the Kavli Institute for Particle Astrophysics and Cosmology, the Korean
Scientist Group, the Chinese Academy of Sciences (LAMOST), Los Alamos National Labora-
tory, the Max-Planck-Institute for Astronomy (MPIA), the Max-Planck-Institute for Astrophysics
(MPA), New Mexico State University, Ohio State University, University of Pittsburgh, University
of Portsmouth, Princeton University, the United States Naval Observatory, and the University of
CHAPTER 2. M AND L DWARFS IN GAIA AND SDSS 80
Washington.
This work has made use of data from the European Space Agency (ESA) mission Gaia
(https://www.cosmos.esa.int/gaia), processed by the Gaia Data Processing and
Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/
consortium). Funding for the DPAC has been provided by national institutions, in partic-
ular the institutions participating in the Gaia Multilateral Agreement.
Part of this research was done at the NYC Gaia DR2 Workshop at the Center for Computational
Astrophysics of the Flatiron Institute in 2018 April.
2.9 Software
Astropy (Astropy Collaboration et al., 2013a; Price-Whelan et al., 2018), Galpy (Binney, 2012;
Bovy & Rix, 2013; Bovy, 2015), Matplotlib (Hunter, 2007), NumPy (Van Der Walt et al., 2011),
SciPy (Jones et al., 2001) and TOPCAT (Taylor, 2005).
Chapter 3
Calibration of the Hα Age-Activity relation
for M dwarfs
This chapter was published on June 2021, in The Astronomical Journal, volume 161, issue 6
and page 277 (Kiman et al., 2021). This work was done in collaboration with Dr. Jacqueline K.
Faherty, Prof. Kelle L. Cruz, Prof. Jonathan Gagné, Dr. Ruth Angus, Dr. Sarah J. Schmidt, Prof.
Andrew W. Mann, Dr. Daniella C. Bardalez Gagliuffi, and Prof. Emily Rice.
3.1 Abstract
In this work, we calibrate the relationship between Hα emission and M dwarf ages. We compile
a sample of 892 M dwarfs with Hα equivalent width (HαEW) measurements from the literature
that are either co-moving with a white dwarf of known age (21 stars) or in a known young associa-
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tion (871 stars)1. In this sample we identify 7 M dwarfs that are new candidate members of known
associations. By dividing the stars into active and inactive categories according to their HαEW
and spectral type (SpT), we find that the fraction of active dwarfs decreases with increasing age,
and the form of the decline depends on SpT. Using the compiled sample of age-calibrators we
find that HαEW and fractional Hα luminosity (LHα/Lbol) decrease with increasing age. HαEW
for SpT≤M7 decreases gradually up until ∼ 1 Gyr. For older ages, we found only two early M
dwarfs which are both inactive and seem to continue the gradual decrease. We also found 14 mid-
type out of which 11 are inactive and present a significant decrease of HαEW, suggesting that
the magnetic activity decreases rapidly after ∼ 1 Gyr. We fit LHα/Lbol versus age with a broken
power-law and find an index of −0.11+0.02
−0.01 for ages . 776 Myr. The index becomes much steeper
at older ages however a lack of field age-calibrators ( 1 Gyr) leaves this part of the relation far
less constrained. Finally, from repeated independent measurements for the same stars we find that
94% of these has a level of HαEW variability ≤ 5 at young ages (< 1 Gyr).
3.2 Introduction
M dwarfs are the coolest and most abundant stars in the Milky Way (Gould et al., 1996; Bochan-
ski et al., 2010). As the lifetime of M dwarfs is longer than the current age of the Universe (e.g.,
Fagotto et al., 1994; Laughlin et al., 1997) those that we find throughout the Galaxy span a wide
range of ages. Therefore, M dwarfs are a rich stellar population for a statistical analysis of the
Milky Way evolution, dynamics and composition (e.g., Gizis et al., 2002; Faherty et al., 2009;
1The sample is available to download from Zenodo.
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Bochanski et al., 2007a, 2010; Jones et al., 2011). In addition, M dwarfs are attractive targets
to study exoplanet populations because the occurrence of small rocky exoplanets is higher for
M dwarfs than any other spectral type. Furthermore, it is easier to detect small planets around
low-mass stars than around higher-mass stars due to the large reflex motion (e.g., Mulders et al.,
2015; Dressing & Charbonneau, 2015; Shields et al., 2016).
M dwarfs are intrinsically faint, especially towards later and cooler spectral types, and measur-
ing their fundamental properties can therefore be challenging, even for the nearest ones (e.g., Ribas
et al., 2017). However, several fundamental properties of M dwarfs have been studied extensively.
For instance, using spectroscopy, photometry, and astrometry, effective temperature (e.g., Ness
et al., 2015; Mann et al., 2015; Birky et al., 2020), radius (e.g., Kesseli et al., 2018), luminosity
(e.g., Reid & Cruz, 2002), metallicity (e.g., Bochanski et al., 2013; Newton et al., 2014; Schmidt
et al., 2016) and mass (e.g., Boyajian et al., 2012; Mann et al., 2019) measurements have been
studied. Age, however, is one of the most difficult fundamental properties to evaluate, especially
for M dwarfs (Soderblom, 2010).
Current age-dating methods used for higher-mass stars cannot be applied to low-mass stars.
Asteroseismology (e.g., Chaplin et al., 2014) is a common age-dating method for giant stars but
cannot be applied to M dwarfs because their acoustic oscillations have extremely small amplitudes
and short timescales (Rodríguez et al., 2016). Isochrones from stellar evolution models are also not
efficient to estimate M dwarf ages due to the extremely slow and small changes in luminosity after
1 Gyr, making the isochrones very similar for older ages (Chabrier & Baraffe, 1997). Furthermore,
there are not sufficient empirical calibrations to validate isochrones for low-mass stars, especially at
CHAPTER 3. AGE ACTIVITY RELATION 84
young ages. As a consequence, model isochrones still suffer from significant systematic errors that
are unexplored, and are inaccurate for precise age determinations (Baraffe et al., 2015). Empirical
methods such as gyrochronology (e.g., Skumanich, 1972; Barnes, 2003, 2007; Angus et al., 2015;
Van Saders et al., 2016) are either based on the Sun, or calibrated on higher-mass stars, and do not
yield precise age estimates for M dwarfs (e.g., Angus et al., 2019). As current available methods
cannot be used to estimate M dwarf ages, empirically-calibrated relations for age-related properties
are needed.
Magnetic activity, age and rotation period are known to be correlated for solar type stars (e.g.,
Skumanich, 1972; Barry, 1988; Soderblom et al., 1991; Mamajek & Hillenbrand, 2008). These
stars have a radiative core and a convective envelope and they do not rotate as a rigid body. As solar
type stars rotate, a magnetic dynamo is generated in between the two layers, which is responsible
for their magnetic field (Parker, 1955). Given that rotation and age are correlated for solar-type
stars (e.g., Skumanich, 1972; Barnes, 2003, 2007; Angus et al., 2015; Van Saders et al., 2016),
their magnetic activity is correlated with age as well. For the lowest-mass stars (spectral type
> M3) the correlation between magnetic activity, age and rotation is not well understood because
these cool stars are fully convective (Chabrier & Baraffe, 1997) and do not have an interface to
produce a dynamo. However, previous studies of M dwarfs indicate that magnetic activity, rotation
and age are correlated (e.g., Eggen, 1990; Fleming et al., 1995; Delfosse et al., 1998; Mohanty &
Basri, 2003; West et al., 2004; Reiners et al., 2012; West et al., 2015; Riedel et al., 2017; Newton
et al., 2017; Kiman et al., 2019; Angus et al., 2019).
A well-studied magnetic activity indicator in M dwarfs is the Hα emission line (Hawley et al.,
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1996; West et al., 2008b,a) which is generated by collisional excitations when magnetic field
lines heat the dense chromosphere (Stauffer & Hartmann, 1986). Therefore, Hα equivalent width
(HαEW) is an indirect measurement of the chromospheric magnetic activity of a star. The fact that
M dwarf magnetic fields are driven by their rotation means that the rotation-age correlation should
translate into a HαEW-age correlation (Newton et al., 2017). As a consequence, HαEW could be
used as an age indicator for M dwarfs. For low-mass stars, previous studies have confirmed that Hα
emission is correlated with age by using kinematics as an age-indicator (Gizis et al., 2002; West
et al., 2008b; Kiman et al., 2019). West et al. (2008a) found a functional form for the age-activity
relation from a sample of M dwarfs with HαEW by modeling the relation between kinematics and
age. However, to date, there has not been a study which calibrates empirically the age-activity
relation for M dwarfs.
A first necessary step to calibrate the Hα age-activity relation is to collect M dwarfs with
known ages, calculated with methods independent of the magnetic activity. The second data re-
lease of Gaia (Gaia Collaboration et al., 2016, 2018b; Arenou et al., 2018; Lindegren et al., 2018)
plays a key role in age-dating stars. The Gaia DR2 catalog contains ∼ 1.3 billion sources with
a five-parameter astrometric solution: positions, parallaxes (π), and proper motions (µ) with un-
precedented precision, down to a magnitude of G = 21. The parallax uncertainties (σπ) are between
0.04−0.7 milliarcsecond, and for proper motion (σµ) between 0.06−1.2 mas/yr, depending on the
magnitude of the star. With these high quality measurements, Gaia made it possible to identify
new stars that belong to age-calibrated moving groups and new associations (e.g., Gagné & Fa-
herty, 2018; Faherty et al., 2018; Kounkel & Covey, 2019; Röser & Schilbach, 2020), and new
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co-moving pairs of stars (e.g., Oh et al., 2017; El-Badry & Rix, 2018). Both young associations
and co-moving pairs can be sources for M dwarf ages.
Moving groups and other coeval associations are ensembles of stars born from the same molec-
ular cloud with common space velocities and a small spread of ages (Bell et al., 2015). As ages
of the young associations are well calibrated down to a precision of a few Myr (Soderblom, 2010;
Bell et al., 2015), the age of the association can be used to build a set of age-calibrated M dwarfs,
if the stars can be identified as members.
Binary stars are born from the same molecular cloud at the same time (Bodenheimer, 2011).
Therefore, we can calibrate the age of an M dwarf by constraining the age of a co-mover. For
example, we can estimate a white dwarf’s total age adding the white dwarf cooling age, and the
progenitor star main sequence age (Fouesneau et al., 2019). The white dwarf cooling age and
mass are strongly constrained by cooling tracks, from theoretical models (e.g., Bergeron et al.,
1995; Fontaine et al., 2001; Bergeron et al., 2019). Using the mass of the white dwarf and the
semi-empirical initial-to-final mass relations (Cummings et al., 2018), we can estimate the mass of
the progenitor star. Finally with the mass of the progenitor star, we can calculate a main-sequence
age, combined with the length of the pre- and post- (but pre-white dwarf) main-sequence stages
(obtained with MESA models, Dotter, 2016).
The aim of the present study is to calibrate the Hα age-activity relation for M dwarfs using
a sample of age-calibrators. We describe how we compiled a sample of M dwarfs with HαEW
measurements in the literature in Section 3.3. We show how we obtained the age-calibrators from
that sample by identifying M dwarfs co-moving with a white dwarf with known age or members of
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known young associations in Section 3.4. The final table of age-calibrators in described in Table
3.1. In Section 3.5 we describe the calculation of the fractional Hα luminosity from HαEW for
the age-calibrators, which is a key parameter to calibrate the age-activity relation. In this section
we also describe a search for known unresolved binaries which could bias our calibration of the
age-activity relation. In Section 3.6 we show how we divided the sample of age calibrators into
active or inactive objects according to their HαEW measurement and photometry, and how we
studied the relation between the active fraction and age for different spectral types. In Section 3.7
we discuss the relation between both HαEW and fractional Hα luminosity with age and fit it using
a Markov chain Monte Carlo (MCMC) algorithm. In Section 3.8 we compare our results for the
age-activity relation with literature results for Hα, X-ray and UV. Finally, in Section 3.9 we discuss
our results and summarize our work and conclusions. All the code used in this work is available
on Zenodo2 and GitHub3.
3.3 Identifying M dwarfs in the literature with Hα measure-
ments
3.3.1 Compiling the literature search sample
In order to empirically calibrate the age-activity relation for M dwarfs, we began by collecting
M0-M9 dwarfs from the literature with a reported HαEW. In Kiman et al. (2019) they compiled
one of the largest published samples of M dwarfs with HαEW, including measurements from West
2https://doi.org/10.5281/zenodo.4660208
3https://github.com/rkiman/M-dwarfs-Age-Activity-Relation
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et al. (2011) and Schmidt et al. (2015). This sample contains 74,216 M dwarfs, out of which 486
were removed since they have a spectroscopically identified but unresolved white dwarf companion
(West et al., 2011; Schmidt et al., 2015) which could increase the magnetic activity of the star
(Skinner et al., 2017). The remaining 73,730 M dwarfs from Kiman et al. (2019) make up the
largest part of our literature search sample.
The M dwarfs in Kiman et al. (2019) are assumed to be primarily field stars. We complemented
this sample with studies of M dwarfs in known star forming regions, clusters, moving groups,
or co-moving with a white dwarf, as well as all the studies in the literature that have measured
HαEW for cool dwarfs. All the studies we checked are listed or mentioned in Table 3.2. In total,
we identified 89,270 stars from the literature (73,730 from Kiman et al. (2019) and 15,540 from
other studies)4. From the total number of stars in our sample, we found that 86,918 stars (97%)
have photometric and astrometric information from Gaia DR2 (Gaia Collaboration et al., 2016,
2018b). We applied the quality cuts described in Kiman et al. (2019) to select the best astrometric
and photometric data from Gaia DR2 (the Sub Red sample). These cuts not only select best quality
photometry, parallaxes and proper motions, but also remove possible unresolved binaries. We refer
to Section 2.3 of Kiman et al. (2019) for more details. By applying these quality cuts we were left
with 27,201 M dwarfs (31%) in our literature search sample. In Section 3.4, we describe the
cross-match with Gaia in more detail. We use the spectral type classification from the literature
when available and estimate the spectral type for the rest of the stars (6% of the sample) using their
Gaia red color (G − GRP) and the relation in Kiman et al. (2019). Although most of the studies we
compiled were focused on M dwarfs, some contained higher mass stars, mostly G and K dwarfs,
4The sample is available to download from Zenodo.
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which were removed with a cut in spectral type keeping 25,720 M dwarfs (≥M0).
From our literature search sample, 726 M dwarfs have between two and six measurements of
HαEW. We identified duplicates through a position search within a 2” radius. These duplicated
stars are indicated in the column star_index in Table 3.1. If two or more stars have the same
number in this column, then they likely are the same star. In total we found that our literature search
sample has 24,330 unique M dwarfs with good data from Gaia DR2 and HαEW measurements.
Table 3.1 Columns in the sample of age calibrators, available as a fits file.
Column name Units Description
ra deg Original R.A. from the source of the Hα measurement
dec deg Original Decl. from the source of the Hα measurement
spt Spectral Type
gaia_source_id ... Unique Gaia source identifier (unique within DR2)
ra_gaia deg R.A. in Gaia DR2 epoch
dec_gaia deg Decl. in Gaia DR2 epoch
pmra mas yr−1 Proper motion in R.A. direction in Gaia DR2
pmra_error mas yr−1 Standard error of proper motion in R.A. direction in Gaia DR2
pmdec mas yr−1 Proper motion in decl. direction in Gaia DR2
pmdec_error mas yr−1 Standard error of proper motion in decl. direction in Gaia DR2
parallax mas Parallax in Gaia DR2
parallax_error mas Standard error of parallax in Gaia DR2
phot_g_mean_flux electron s−1 G band mean flux
phot_g_mean_flux_error electron s−1 Error on G band mean flux
phot_g_mean_mag mag G band band mean magnitude
phot_rp_mean_flux electron s−1 Integrated GRP mean flux
phot_rp_mean_flux_error electron s−1 Error on the integrated GRP mean flux
phot_rp_mean_mag mag Integrated GRP mean magnitude
phot_bp_mean_flux electron s−1 Integrated GBP mean flux.
phot_bp_mean_flux_error electron s−1 Error on the integrated GBP mean flux
phot_bp_mean_mag mag Integrated GBP mean magnitude
g_corr mag G magnitude corrected for extinction
rp_corr mag GRP magnitude corrected for extinction
ewha Equivalent width Hα for the compatible literature search
ewha_error Equivalent width Hα error for the compatible literature search
ewha_all Equivalent width Hα for all the stars
ewha_error_all Equivalent width Hα error for all the stars
lhalbol ... Fractional Hα luminosity
lhalbol_error ... Fractional Hα luminosity error
age yr Age of the star
age_error_low yr Lower bound on the confidence interval of the estimated age
age_error_high yr Upper bound on the confidence interval of the estimated age
group_num ... Number identifying the young association. 0 indicates white dwarf companion
group_name ... Young association the star belong to
star_index ... Number indicating repeated stars. Same stars have the same number
source_num ... Number indicating the source of the Hα measurement
source_ref ... Source of the Hα measurement
potential_binary ... 1 if it is a potential binary, 0 if not.
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Table 3.2 Age Calibrators summary.
Reference a Spectral N of M dwarfs OC c Ages from
Resolution Total Compatible b moving group white dwarf
Kiman et al. (2019) 1800 73729 73729 0 46 21
LG11 d 1000 2504 134 2 48 -
Jeffers et al. (2018) 62000, 48000, 40000 2133 2 2 22 -
Douglas et al. (2014) 3300, 4000 1906 50 1 264 -
Lepine et al. (2013) 2000,4000 1577 1 2 4 -
Riaz et al. (2006) 1750 1098 4 2 65 -
Ansdell et al. (2015) 1000, 1200 794 35 2 31 -
Gaidos et al. (2014) 1200 582 59 2 2 -
Fang et al. (2018) 1800 561 1 1 159 -
Newton et al. (2017) 3000 456 14 2 2 -
Terrien et al. (2015) 2000 351 13 2 2 -
Reid et al. (1995) 2000 343 4 2 1 -
Schneider et al. (2019) 32000 336 10 2 26 -
Bouy & Martín (2009) Multiple 227 1 2 135 -
Kraus et al. (2014) 35000 205 2 2 88 -
Shkolnik et al. (2009) 60000 184 7 2 9 -
Alonso-Floriano et al. (2015) 1500 179 8 2 3 -
Slesnick et al. (2008) 1250 145 69 2 23 -
Malo et al. (2014a) 1750 120 1 2 45 -
Torres et al. (2006) 50000, 9000 114 2 2 18 -
Shkolnik et al. (2017) 35000, 58000 106 3 2 24 -
Elliott et al. (2016) 85000, 48000 83 2 2 3 -
Reiners & Basri (2010) 31000 73 2 1 2 -
Slesnick et al. (2006) 1250 65 19 2 18 -
Jayawardhana et al. (2006) 60000 52 1 2 20 -
Riedel et al. (2014) Multiple 50 3 2 5 -
Hawley et al. (1996) 2000 31 1 2 1 -
Song et al. (2003) 24000 25 1 2 3 -
Rodriguez et al. (2013) 3000, 7000 23 12 2 12 -
a Compatible catalogs without age calibrators: Gizis et al. (2002), Mochnacki et al. (2002), Reid & Cruz (2002), West et al. (2011),Song et al.
(2004), Lyo et al. (2004). Catalogs with overlap but not compatibles: Mohanty et al. (2005), Shkolnik et al. (2011), Lawson et al. (2002). Catalogs
without overlap: Frasca et al. (2018), Bayo et al. (2012), Reid et al. (2007), Cruz & Reid (2002), Feigelson et al. (2003), Gizis et al. (2000), Gizis &
Reid (1997), Murphy et al. (2010), Phan-Bao & Bessell (2006), Bochanski et al. (2005), Mohanty & Basri (2003), Reiners & Basri (2008), Lépine
et al. (2009), Reiners & Basri (2007), Lépine et al. (2003), Martin & Kun (1996), Ivanov et al. (2015), Stauffer et al. (1997), Tinney & Reid (1998).
Other catalogs checked: Lodieu et al. (2005).
b Compatible with Kiman et al. (2019).
c Order of compatibility. Order 1 is compatible with Kiman et al. (2019). Order 2 is compatible with at least one order 1 catalog.
d Lepine et al. (2013); Gaidos et al. (2014) with additional data observed in an identical manner.
3.3.2 Identifying compatible Hα measurements from the literature
The HαEW is calculated by dividing the flux under the emission line of Hα by the flux of the
continuum. Both sources of HαEW for Kiman et al. (2019) (West et al., 2011; Schmidt et al., 2015)
used the same definition for the emission line: 6557.61−6571.61, and the surrounding continuum:
6530 − 6555 and 6575 − 6600. Both West et al. (2011) and Schmidt et al. (2015) measured the
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HαEW from spectra with R ∼ 1800 resolution. Our literature search sample, however, contains
objects with measurements of HαEW from different spectral resolutions (shown in Table 3.2) that
were calculated with slightly different definitions of the line and the continuum. Such diversity of
approaches and results could cause inconsistencies in our analysis. To account for the differences
between HαEW measurements, we followed a procedure similar to the one described in Newton
et al. (2017). We only used the HαEW from catalogs that were compatible with the Kiman et al.
(2019) sample, as that is the largest component of our literature search sample (see Section 3.3.1).
We considered a given catalog compatible if it had at least one star in common and if at least
90% of the stars in common had a difference in HαEW smaller than 3 (|∆HαEW| < 3) with
the measurement in Kiman et al. (2019). We chose 3 as the limit because this is the typical Hα
variability for M4 − M5 identified by Lee et al. (2010) in a spectroscopic survey of 43 M dwarfs
in the range M3.5 − M8.5. This cut assumes that 90% of the M dwarfs have small variability. We
note that this might bias against variable >M5 dwarfs, because variability increases for later types
(Lee et al., 2010).
We defined the criterion described above as first order compatibility and it is indicated with a
1 in the column “OC" of Table 3.2. We could only find three catalogs from the literature search
that had overlapping stars with Kiman et al. (2019): Douglas et al. (2014), Fang et al. (2018)
and Reiners & Basri (2010). Therefore we decided to iterate upon our method and search for
further studies compatible with these three catalogs to increase the number of stars we consider
compatible. We repeated the procedure described above to find what we defined as second order
compatibility catalogs. These second order of compatibility catalogs do not have stars in common
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with Kiman et al. (2019), but they do have stars in common with at least one of the order 1 catalogs.
In all we found 24,202 unique M dwarfs (99.6% of the sample) with HαEW measurements
that were either in Kiman et al. (2019, order 0) or first or second order compatible, meaning that
we can use them together to calibrate the age-activity relation. We excluded the 128 remaining
M dwarfs from our analysis.
3.3.3 Removing potentially accreting M dwarfs
To characterize the age-activity relation we are interested in chromospheric Hα emission, how-
ever this spectral line could in some systems result from accretion. To distinguish between the two
types of emission we used an empirical criterion which depends on the star’s HαEW and spectral
type, developed by White & Basri (2003) based on a sample of low-mass T Tauri stars. They
proposed that a T Tauri star is classical, meaning accreting, if HαEW ≥ 10 for K7 − M2.5 stars,
HαEW≥ 20 for M3 − M5.5, and HαEW≥ 40 for M6 − M7.5 stars.
Based on the White & Basri (2003) criterion, we removed 45 stars which are Hα outliers from
our analysis that are possibly accreting. It should also be noted that by using only HαEW to
discard possible accretors we are also removing HαEW outliers such as non-accreting stars whose
measurement of Hα was taken during a flare. In Table 3.3 we list the HαEW outliers, possibly
accreting, identified in this study with their 2MASS name, spectral type, the HαEW and ∆HαEW
above the limit defined by White & Basri (2003). Given that the criteria only goes to M7.5, we
did not remove any later spectral types according to their HαEW. Therefore we are likely to have
some contamination from accreting later spectral types.
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Table 3.3 Short sample of HαEW outliers, possibly accreting.
2MASS Name SpT HαEW ∆HαEW a
J16075567-2443267 M5.5 47.3±0.1 27.3
J05353004+0959255 M5.6 22.82±0.62 2.82
J05334992+0950367 M2.3 14.01±0.51 4.01
J12350424-4136385 M2.5 13.6±0.2 3.6
J02591904-5122341 M5.4 32.11±0.1 12.11
J1607556-2443271 M5.5 47.3±0.1 27.3
J04480085+1439583 M5.0 73.6±0.1 53.6
J04262939+2624137 M6.0 97.7±9.8 57.7
J05340393+0952122 M2.2 30.2±1.14 20.2
J12071089-3230537 M4.3 114.8±0.5 94.8
Note: We used the criterion from White & Basri (2003) to identify possible accretors.
aDelta above the HαEW limit.
3.4 Identifying M dwarfs in young associations and co-moving
with white dwarfs
3.4.1 Identifying young association members
As mentioned in Section 3.3.1, we complemented Kiman et al. (2019) with M dwarfs which
were classified as members of young associations by previous studies and/or had HαEW measure-
ments. However, most of these studies were completed prior to the release of Gaia DR2, which
provided kinematics of an unprecedented quality.
In light of the new astrometric improvement of the Gaia DR2 survey, we decided to re-assess
the likelihood of membership for each source and/or identify new members. To obtain proper
motions and parallaxes for our literature search sample, we used TOPCAT (Taylor, 2005) and a
2 arcsecond radius to match to Gaia DR2 objects. We found 97% (86,918 out of the original
89,270 sources) of our literature search sample in Gaia DR2. As mentioned in Section 3.3.1,
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we applied the quality cuts described in Kiman et al. (2019), to obtain the best astrometric and
photometric data, and to remove potential binaries, and we were left with 27,201 M dwarfs. To
look for mismatches we used the 726 M dwarfs in our sample with duplicated measurements
of HαEW (see Section 3.3.1) and compared their Gaia source id. All the duplicated stars had
the same Gaia source id, except for 6 stars which we think are potentially unresolved M dwarf
binaries because after visually inspecting these stars we found that in the image there was only one
star with two Gaia sources. These 6 stars were removed from our analysis.
To confirm or identify members of young associations from our literature search sample,
we used the BANYAN Σ bayesian membership classification algorithm (Gagné et al., 2018c)5.
BANYAN Σ models young associations with a multivariate gaussian density. This gaussian has
a total of six dimensions: three galactic positions (XYZ) and three space velocities (UVW).
BANYAN Σ also models the galactic field within 300 pc by combining 10 multivariate gaussians.
To calculate the probability of a star belonging to a young association or the field, BANYAN Σ
compares observables such as position and proper motion to the multivariate Gaussian model in a
Bayesian classification likelihood, and marginalizes over radial velocities and distances when they
are not available. The marginalization integrals are solved with an analytical solution, making the
code more precise and efficient. In total, there are 27 associations modeled in BANYAN Σ within
150 pc. A summary of the associations in BANYAN Σ is in Table 3.4.
5The IDL version is available at https://github.com/jgagneastro/banyan_sigma_idl. Also the
Python version at https://github.com/jgagneastro/banyan_sigma, and the web portal is available at
http://www.exoplanetes.umontreal.ca/banyan/banyansigma.php.
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Table 3.4 Young Associations in Banyan Σ (Gagné et al., 2018c) and summary of M dwarfs in
young associations used in this work.
Association Short name Age (Myr) Age Ref.a Total members New members
Taurus TAU 1.5±0.5 1 3 -
ρ Ophiuchi ROPH < 2 2 - -
ε Chamaeleontis EPSC 3.7±4.6 3 9 1
Corona Australis CRA 4 − 5 4 - -
TW Hya TWA 10.0±3.0 5 10 -
Upper Scorpius USCO 10.0±3.0 6 167 1
118 Tau 118TAU ∼ 10 7 - -
Upper CrA UCRA ∼ 10 8 1 -
η Chamaeleontis ETAC 11.0±3.0 5 1 -
Lower Centaurus Crux LCC 15.0±3.0 6 20 1
Upper Centaurus Lupus UCL 16.0±2.0 6 4 2
32 Orionis THOR 22+4
−3 5 - -
β Pictoris βPMG 24.0±3.0 5 54 1
Octans OCT 35.0±5.0 3 1 -
Argus ARG 40 − 50 9 1 -
Columba COL 42.0±6.0 5 12 -
Carina CAR 45.0±11.0 5 6 -
Tucana-Horologium association THA 45.0±4.0 5 97 -
Platais 8 PL8 ∼ 60 10 - -
Pleiades cluster PLE 112±5 11 106 -
AB Doradus ABDMG 149.0±51.0 5 36 1
Carina-Near CARN 200.0±50.0 12 3 -
core of the Ursa Major cluster UMA 414.0±23.0 13 1 -
χ1 For XFOR ∼ 500 14 - -
Coma Berenices CBER 562.0±98.0 15 9 -
Praesepe cluster6 PRA 650.0±50.0 16 251 -
Hyades cluster HYA 750.0±100.0 17 79 -
a (1)Kenyon & Hartmann (1995), (2)Wilking et al. (2008), (3)Murphy & Lawson (2015), (4)Gennaro et al. (2012), (5) Bell et al. (2015), (6)Pecaut
& Mamajek (2016), (7)Mamajek (2016), (8)Gagné et al. (2018c), (9)Zuckerman (2018), (10)Platais et al. (1998), (11)Dahm (2015), (12)Zuckerman
et al. (2006), (13)Jones et al. (2015), (14)Pöhnl & Paunzen (2010), (15)Silaj & Landstreet (2014), (16)Douglas et al. (2019); Gao (2019), (17)Brandt
& Huang (2015)
Using BANYAN Σ we calculated the probability that any given M dwarf belongs to a known
association according to their position, proper motion, parallax, and radial velocity when available
from Gaia DR2. We used this code to analyze the 24,166 single, compatible, not accreting stars
in our sample (See Section 3.3).
To remove as many false positives as possible without loosing true positives, we used a 90%
cutoff in the membership probability output by BANYAN Σ as suggested by Gagné et al. (2018c).
In total we found 871 M dwarfs which yielded 90% probability in a known young association. The
remaining 23,274 stars were rejected as young association members by our cut and/or have a high
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probability (> 90%) to be field stars according to BANYAN. In addition, 21 objects were removed
because they were rejected as young association members by Gagné et al. (2018c). These objects
were rejected mostly because their literature radial velocity was inconsistent with the one of the
group.
Based on experience with kinematics and lithium abundances, we expect an average contami-
nation from false members below 10% (Gagné et al., 2018c). In the Appendix A.1, we show the
color–magnitude diagrams for each of the young associations with all of the objects used in this
study as members. We concluded that we cannot discard any objects with the color–magnitude di-
agrams. The distribution of members per young association is shown in Figure 3.1 and Table 3.4.
We found that Praesepe (∼ 650 Myr, 251 sources) had the largest yield of objects from our sam-
ple, followed by Upper Scorpious (∼ 10 Myr, 167 sources), the Pleiades cluster (∼ 112 Myr, 106
sources) and Tucana-Horologium (∼ 45 Myr, 97 sources). Therefore, we compiled a significant
number of stars covering a range of ages that allows us to calibrate the age-activity relation for
ages < 1 Gyr.
From the 871 young association members in this work, we found that 708 have the same
original membership assigned in the literature, 17 had their moving group membership revised
and 167 were not identified as members in our literature search. From the 184 “new" candidate
members or members that changed their membership, 2 were rejected as members using radial
velocities from the literature, and 175 had been previously identified as young association members
by studies not collected in this work, i.e. studies where Hα measurements were not utilized (Röser
et al., 2011; Galli et al., 2018; Gagné et al., 2018c; Gagné & Faherty, 2018; Goldman et al., 2018;
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Figure 3.1 Membership distribution for M dwarfs in our sample
Notes: The young associations are ordered by age. We include a reference at the top of the figure for the age of each
association. Repeated measurements are not included in the total number of stars per association. References for each
association are in Table 3.4.
Luhman et al., 2018; Rebull et al., 2018). The remaining 7 M dwarfs, are new candidate members
of the young associations identified in this study. In particular, 2MASS J12323103-7255068 was
called a member of LCC by Goldman et al. (2018), that we revised to be member of EPSC. These
stars are summarized in Table 3.4 and listed in Table 3.5.
As a further check on the membership probabilities for the new candidate members (or that
changed membership group), we compared their position on the Gaia color–magnitude diagram
to that of empirical sequences based on bona fide members of young association of different ages
(Gagné et al., 2020), and members of each association (Gagné et al., 2018c). To compare an indi-
vidual star’s position on a color–magnitude diagram, it is important to evaluate the extinction due
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to interstellar dust. We used the extinction maps of STructuring by Inversion of the Local Inter-
Stellar Medium (STILISM; Lallement et al., 2014; Capitanio et al., 2017; Lallement et al., 2018)7
and the method of Gagné et al. (2020) to calculate de-reddened Gaia DR2 G- and GRP-band mag-
nitudes. In summary, a template spectrum of the appropriate spectral type is used to calculate the
effect of a typical interstellar dust extinction curve on the full Gaia bandpasses and stellar spectra,
a step that is required because the Gaia bandpasses are particularly wide. Interstellar extinction
will thus typically move M dwarfs down along isochrones (redder colors and fainter magnitudes)
in a Gaia absolute G versus G−GRP color–magnitude diagram, but it will move the high-mass stars
horizontally to redder colors, and across distinct isochrones. The position in the color–magnitude
diagram of our new candidate members are shown in Figure 3.2, and are compared to empirical
sequences based on bona fide members of young association of different ages (Gagné et al., 2020),
and members of Upper Scorpius, Lower Centaurus Crux, Upper Centaurus Lupus, βPictoris, and
AB Doradus (Gagné et al., 2018c). We performed a visual inspection of all the high-probability
members, and found that all the stars lie around the corresponding age sequences and/or within the
scatter of the groups. This comparison corroborates their BANYAN Σ membership classifications
when taking into account the scatter of the group. However more study will be needed before
they are confirmed as members. The summary of the catalogs used to compile all these M dwarf
age calibrators with HαEW measurements with a > 90% probability of membership in a young
association are given in Table 3.2.
7Available at https://stilism.obspm.fr
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Table 3.5 New candidate members of known young associations found in this study.
2MASS Name SpT Young association Source
J06511842-2154268 M1.5 ABDMG Riaz et al. (2006)
J03273084+2212382 M4.5 BPMG Jeffers et al. (2018)
J12323103-7255068 M3.5 EPSC Riaz et al. (2006)
J12554838-5133385 M2.0 LCC Riaz et al. (2006)
J15264071-6110559 M3.0 UCL Riaz et al. (2006)
J16544682-3502540 M4.0 UCL Riaz et al. (2006)
J16040453-2346377 M4.0 USCO Slesnick et al. (2006)
3.4.2 Identifying and age-dating co-movers with white dwarfs
With BANYAN Σ we can cover age-calibrators up to ∼ 750 Myr. For older ages we turned
to white dwarfs as chronometers to identify older age calibrators. White dwarf cooling models
and model atmospheres are robustly developed to estimate precise and reliable cooling ages and
masses (Fontaine et al., 2001). These models can be used to calculate total ages with 10 − 20%
precision (Fouesneau et al., 2019) and as old as 12 Gyr (Cummings et al., 2018). Therefore using
co-moving white dwarf systems as age calibrators greatly expands the range used for grounding
the age-activity relation.
The summary of the catalogs where we found M dwarf with a white dwarf co-mover, that
served as age calibrators are in Table 3.2. To find M dwarfs co-moving with white dwarfs we cross-
matched our literature search sample with the Gentile Fusillo et al. (2019) white dwarf catalog
using a 10′ radius. Gentile Fusillo et al. (2019) used a catalog of spectroscopically identified white
dwarfs from the Sloan Digital Sky Survey (York et al., 2000) to define cuts to select 486,641 white
dwarfs from the Gaia DR2 color–magnitude diagram. In our study we only used the 260,000 high-
confidence white dwarf candidates (PWD > 0.75) as suggested by Gentile Fusillo et al. (2019).
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Figure 3.2 Color–magnitude diagrams to check membership of the newly identified candidate
members for each young association
(a) ε Chamaeleontis, 3.7±4.6 Myr.
(b) Upper Scorpius, 10.0± 3.0 Myr, Lower
Centaurus Crux, 15.0± 3.0 Myr and Upper
Centaurus Lupus, 16.0±2.0 Myr.
(c) β Pictoris, 24.0±3.0 Myr. (d) AB Doradus, 149.0±51.0 Myr.
Notes: See Table 3.5 for the complete table of new candidate members. New candidate members are shown as a red
points on top of a field sample from Gaia DR2 in black. We include empirical sequences based on bona fide members
of young association of several ages (Gagné et al., 2020) and the members of the groups as light blue empty circles
(Gagné et al., 2018c). References for each young association are in Table 3.4. The color–magnitude diagrams do not
discard the new candidate members, but more study will be needed before they are confirmed as members.
To find M dwarfs co-moving with a white dwarf we used the 23,274 sources which had good
Gaia data but were rejected as young association members and/or have a high probability (> 90%)
to be field stars according to BANYAN Σ (Section 3.4.1). We did not look for white dwarfs co-
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moving with M dwarf members of young associations because the age of the moving group is better
constrained than the estimation of the white dwarf age (see Section 3.2). Additionally, companion
searches within young associations based solely on kinematics produces many false positives due
to their high probability of chance alignment.
We considered an M-dwarf and a white dwarf to be co-moving if:
1. πwd/σπ,wd > 4
2. πm/σπ,m > 10
3. |µα,wd −µα,m|< 3× (σµα,wd +σµα,m)
4. |µδ,wd −µδ,m|< 3× (σµδ,wd +σµδ,m)
5. |πwd −πm|< 3× (σπ,wd +σπ,m).
The cut on signal-noise ratio for the white dwarf parallax (πwd/σπ,wd), is lower than for M dwarfs
as suggested by Gentile Fusillo et al. (2019) and the signal-noise ratio for M dwarfs (πm/σπ,m)
follows the suggestions by Lindegren et al. (2018). For both components of the proper motion (µα
and µδ) and the parallax (π) we required that the difference between the value for the white dwarf
and the M dwarf in a pair to be smaller than 3σ, where σ is the sum of the errors in each parameter.
In total we found 61 pairs with this criteria.
To remove false positive companions, we calculated the probability of chance alignment for
each M dwarf by re-assigning the proper motions of all the white dwarfs in Gentile Fusillo et al.
(2019) and repeating the search for co-movers with the criteria described above, N = 1000 times.
We then calculated the probability of chance alignment for each M dwarf as nrand/N, where nrand
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is the number of random co-movers and required it to be smaller than 0.01 to include a pair in
our analysis. By adding this cut on probability of chance alignment we remove pairs with several
close-by white dwarfs which makes a random match more likely. Out of the 61 pairs found, 22
had a probability of chance alignment higher than 0.01.
To calibrate the age-activity relation, wide white dwarf-M dwarf pairs are key to assume both
components evolved as single stars without interacting. We estimated the physical separation be-
tween the pairs as a = 1.22θ×D, where a is the separation in AU, θ is the angular separation and
D is the distance in parsecs. We found that the closest pair is separated by ∼ 500 AU, therefore
we can assume the two stars in each pair evolved independently (Dhital et al., 2015; Skinner et al.,
2017).
Once we identified the 39 M dwarf-white dwarf pairs, we used the open source Python package
available online wdwarfdate (Kiman et al. in prep.)8 to estimate their age. wdwarfdate esti-
mates ages of white dwarfs in a Bayesian framework from an effective temperature and a surface
gravity. From the total number of pairs, 21 had effective temperature and surface gravity from
Gentile Fusillo et al. (2019) and were in the ranges where the models we use are valid. Using this
information and cooling models (Bergeron et al., 1995; Fontaine et al., 2001; Holberg & Berg-
eron, 2006; Kowalski & Saumon, 2006; Bergeron et al., 2011; Tremblay et al., 2011; Blouin et al.,
2018)9 we obtained the cooling ages and the masses of the white dwarfs. With a semi-empirical
initial-final mass relation (Cummings et al., 2018) and the masses of the white dwarfs we obtained
the masses of the progenitor stars which were used with the MESA Isochrones (Choi et al., 2016;
8https://wdwarfdate.readthedocs.io/en/latest/
9http://www.astro.umontreal.ca/ bergeron/CoolingModels/
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Dotter, 2016; Paxton et al., 2011, 2013, 2015, 2018) to determine the ages of the progenitors. By
adding the cooling ages and the ages of the progenitors we obtained the total ages. In this process
we assumed that all the white dwarfs are DA, meaning have a hydrogen-dominated atmosphere,
which is a good approximation given that most of the white dwarfs in the galaxy are DA. We also
assumed solar metallicity and v/vcrit = 0 for the progenitors. We refer to Kiman et al. (in prep.)
for more details on the calculation of the ages of the white dwarfs co-moving with an M dwarf. The
results are shown in Table 3.6, where we provide the Gaia DR2 source_id for the M dwarf and
the white dwarf in each co-moving pair and the estimated total age. Uncertainties are calculated
as the 84th percentile minus the median as high error and median minus the 16th percentile as low
error.
Table 3.6 Ages for the white dwarfs co-moving with an M dwarf.
Gaia source id Total age
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3.5 Measurements and unresolved binaries
3.5.1 Calculating LHα/Lbol for the age-calibrators
The activity strength of M dwarfs is usually quantified with the ratio of the Hα luminosity to
the bolometric luminosity LHα/Lbol (Hawley et al., 1996; West et al., 2008b; Schmidt et al., 2015).
Using this fractional Hα luminosity removes the dependence on the continuum of the HαEW and
facilitates comparison of stars of different effective temperatures. LHα/Lbol was calculated using
the “χ” factor (e.g. Walkowicz et al., 2004), where
LHα/Lbol = χ(SpT)×HαEW.
The χ values were empirically calibrated as a function of spectral type using M0 − M9 from the
Praesepe and Hyades clusters by Douglas et al. (2014). Given that at the ages of these clusters
(∼ 700 Myr) M dwarfs have almost completely converged to the main sequence, we can assume
that the χ values are valid for field dwarfs. However, the χ values may vary for younger stars
and/or stars with different metallicities. In our analysis, we assume that the difference in χ val-
ues for younger stars or different metallicities is not significant. Note that these might be strong
assumptions, but to our knowledge there is no better suited calibration of the χ values available.
Also note that we used the convention that HαEW > 0 means Hα is in emission and HαEW < 0
means it is in absorption.
To calculate the LHα/Lbol uncertainty, we generated a normal distribution of HαEW with its
literature reported error as the standard deviation for each star and calculated the LHα/Lbol for each
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value in the normal distribution. We adopted the standard deviation of the final distribution as error
for LHα/Lbol. We did not include errors of the χ values in the error calculation.
3.5.2 Unresolved binary identification
We performed a search for known external factors that could increase the magnetic activity
of the star, such as close binarity (Morgan et al., 2012; Skinner et al., 2017) and accretion disks
outside the White & Basri (2003) criteria (see Section 3.3.3) between our age-calibrators. We used
the empirical sequences based on bona fide members for each young association (Gagné et al.,
2020) to search for photometric binaries by identifying M dwarfs in the binary sequence, hence at
most 0.75 brighter in absolute magnitude (MG) for a given color (G − GRP) than the value indicated
by the model. We visually inspected each potential binary in the color–magnitude diagram of its
respective young associations, and only selected stars that we could confirm they lived in the binary
sequence. We only applied this method for stars with G − GRP < 1.2 because the binary sequence
is highly scattered for redder stars. We identified 5 potential binaries which are indicated in the
age-calibrators sample in the column potential_binary with a 1. These stars were removed
from the following analysis.
For M dwarfs co-moving with a white dwarf in our sample we performed a literature search
looking for known binaries or other factors that could increase the magnetic activity. All the follow-
ing cases were removed from the following analysis: 2MASS J18393839+1623136 was identified
as an unresolved X-ray binary (Haakonsen & Rutledge, 2009) and 2MASS J13545778+0512391
has an accretion disk around it (Theissen & West, 2014).
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3.6 Activity Fraction
We used the young part of the sample of age calibrators, described in the previous section, to
calculate the activity fraction as a function of color for M dwarfs younger than 1 Gyr and compared
it with previous activity studies of field dwarfs. In this section we describe how we classified
M dwarfs as active or inactive, and the resulting activity fraction.
3.6.1 Fitting the inactive sequence
Previous studies have identified what we define as the inactive sequence in this study, in
HαEW versus mass or effective temperature for M dwarfs (e.g. Stauffer & Hartmann, 1986; López-
Santiago et al., 2010; Newton et al., 2017; Fang et al., 2018). This inactive sequence is defined
as the lower boundary of the HαEW versus mass, color or spectral type relation, and it shows an
increase in HαEW from higher to lower masses (or redder colors). This increase in HαEW is re-
lated to a decrease in the Hα absorption from the photosphere, meaning a decrease in photospheric
luminosity (Stauffer & Hartmann, 1986) and not to an increase in emission. We used Kiman et al.
(2019) objects to establish the inactive sequence for HαEW versus (G−GRP) and with it, the active
or inactive category. To establish the inactive sequence following Newton et al. (2017), we did 10
iterations of a third degree polynomial fit to stars with HαEW < 1. In each iteration we rejected
the stars that had an HαEW higher than the best fit. We defined the activity boundary as the best
CHAPTER 3. AGE ACTIVITY RELATION 107
fit to the inactive sequence plus a small increment, δ:
HαEW = −2.39× (G − GRP)3
+ 2.84× (G − GRP)2
+ 3.63× (G − GRP) − 4.22 + δ
(3.1)
where δ = 0.75 and it was added to make our classification in active and inactive compatible with
previous definitions (West et al., 2011; Schmidt et al., 2015). This limit is valid in the range 0.8<
(G − GRP)< 1.55 (M0≤ SpT≤M7). We considered all the stars which have an HαEW above the
boundary to be active. All other objects were considered inactive. We show the activity boundary,
the best fit to the inactive sequence and our classification as active and inactive in Figure 3.3. As
a comparison, we show the limit for active and inactive used by Schmidt et al. (2015). Among
other cuts related to signal to noise, Schmidt et al. (2015) considered inactive stars as those with
HαEW < 0.75 . Their limit agrees with our definition, except for a small deviation for spectral
types <M0 and >M6.
3.6.2 Calculating active fraction as a function of age
Using the definition of active and inactive described above, we calculated the active fraction
in bins of the red Gaia DR2 color (G − GRP) and studied its dependence with age. We used the
histogram function available in the Python package numpy (Oliphant, 2006; Van Der Walt et al.,
2011) to define the bins in color, because it is optimized for non-normal data. We repeated this cal-
culation for the following age-bins: (0 − 20) Myr, (20 − 60) Myr, (100 − 150) Myr, (500 − 700) Myr
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Figure 3.3 Classification of active and inactive M dwarfs.
Notes: We fit the inactive sequence shown in a solid black line using the Kiman et al. (2019) sample and defined the
boundary between active and inactive stars as the inactive sequence plus δ, where δ = 0.75 , shown as a black dashed
line. Typical errorbars are indicated for the active and inactive stars to the left of the plot. As a comparison we include
the boundary used by Schmidt et al. (2015) in a gray dashed-dotted line. We show active stars in orange and inactive
stars in blue, classified with our criteria.
and (700 − 1000) Myr. The results are shown in Figure 3.4, where we included a reference to the
mean spectral type (SpT) for each color at the top of the figure. We also included the activity
fraction for the sample from Kiman et al. (2019) in black, which are assumed to be primarily field
stars, and it reproduces the results from previous studies (West et al., 2004, 2011; Schmidt et al.,
2015). The errors for each point were calculated based on a binomial distribution as
σ f = ( f × (1 − f ))/n
where f and σ f are the active fraction and uncertainty, and n is the number of stars in the bin.
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By analysing the active fraction as a function of age in Figure 3.4, we show that the active
fraction of M dwarfs evolves with age. There is a clear difference in the evolution of the active
fraction between early (< M2) and mid-M dwarfs (M4 − M7). While the active fraction for early
M dwarfs decreases from 1 to almost 0 between 0 Myr and 750 Myr, for mid-M dwarfs the active
fraction stays close to 1. This difference between early and mid-M dwarfs agrees with previous
studies which showed that later-type M dwarfs stay active longer than earlier-type stars (West et al.,
2004, 2011; Schmidt et al., 2015).
The active fraction for early-type M dwarfs in Figure 3.4 decreases progressively from 0 Myr
to field age dwarfs, while for mid spectral types (M4 ≤ SpT < M7) it seems to decrease more
abruptly from (700 − 1000) Myr (blue line) to field stars (black line). Note that the field active
fraction is representing a distribution of different ages. Therefore the difference between the bins
(700 − 1000) Myr and field for mid-type M dwarfs could be indicating that late types stay active
longer and we do not have enough age resolution to distinguish the progressive decrease of the
active fraction with age. This discrepancy also could be indicating that the magnetic activity of
mid-type M dwarfs decreases more abruptly than for early-types.
Both (500−700) Myr and (700−1000) Myr age bins (the two blue lines) are statistically equiv-
alent and present a transition period centered at M2 where the active fraction increases from 0 to 1,
for 1.0 < (G − GRP) < 1.2. Significantly, this transition is completed close to spectral type ∼M3,
the limit between partially and fully convective M dwarfs (Chabrier & Baraffe, 1997). The shape
of this transition for both bins could be affected by other physical effects which increase the mag-
netic activity of a star. For example, the active fraction could increase because of close companions
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of the stars which increase their magnetic activity (e.g., Kraus et al., 2011; Morgan et al., 2012;
Dhital et al., 2015; Skinner et al., 2017). For the colors 1.0< (G−GRP)< 1.1 the fraction of active
stars is 20%, which is close to the multiplicity fraction of M dwarfs of (23.9±1.4)% at separations
< 50 AU found by Winters et al. (2019). We searched the literature for references of binarity and
we did not find known binaries for these stars. Also, our sample is not complete, so we cannot
compare directly to the results in Winters et al. (2019). Follow up observations are necessary to
distinguish if these stars are still active at ∼ 700 Myr, or they have an unresolved binary keeping
them active.
Figure 3.4 Active fraction per bins of the Gaia red color for different bins of age.























Notes: We include the active fraction for field M dwarfs calculated from the sample Kiman et al. (2019) in black. We
noted that the active fraction decreases with age for M dwarfs and that this decrease depends on mass.
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3.7 Updated age-activity relation for active M dwarfs
3.7.1 Characterizing Hα versus age
We used our calibrators for HαEW and LHα/Lbol to study activity strength as a function of age
(Figures 3.5a and 3.5b respectively). We divided the calibrators into three panels according to their
spectral type: M0 − M2, M3 − M6 and M7 − M9 which roughly correspond to early-type partially
convective, mid-type fully convective, and ultracool fully convective M dwarfs, respectively. In the
LHα/Lbol plots we only show active stars. Inactive stars have LHα/Lbol with too low signal-to-noise
to be significant (gray area in Figures 3.5a).
There is a large spread of HαEW between early, mid and late spectral type M dwarfs, especially
at the younger ages, shown in Figure 3.5a. As indicated by previous studies (e.g. Stauffer &
Hartmann, 1986; West et al., 2011; Schmidt et al., 2015), HαEW increases from early-to-late M
dwarfs of the same age, which explains this effect, and it is removed when calculating LHα/Lbol, as
can be seen in Figure 3.5b.
We found less than ten mid- and late-type old (> 1 Gyr) active M dwarfs according to their
HαEW, and none early-types. We could not identify any external factors related to these stars,
such as a close binary which would increase their magnetic activity. Therefore, we consider them
to be true active stars (see Section 3.5.2). The three youngest late-type M dwarfs in the LHα/Lbol
are not displayed in the HαEW plot, because their equivalent width values are higher than 25, and
thus outside of the axis limit.
We also note that there are stars in the inactive region at all ages in Figure 3.5a (HαEW. 0.75 ,
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gray area), meaning that a small HαEW does not necessarily indicate old age for an M dwarf.
However, we do see an increase in the number of stars with low HαEW in the inactive region as
age increases.
To study the trends of activity strength with age, we calculated the median values, 25 and
75 percentile for a sliding window of width 0.8 in units of log10(Age/yr) for both HαEW and
LHα/Lbol. Results are shown in Figures 3.6a and 3.6b respectively. The relation between HαEW
and age for early M dwarfs (purple lines in Figure 3.6a), shows a gradually decline from ap-
proximately 5 to 0 in ∼ 1 Gyr. For mid spectral types (M3 − M6, orange lines) we observe a
progressive decrease of HαEW with age until ∼ 1 Gyr. After 1 Gyr, we observe a large decline in
Hα (∆HαEW∼ 4). There are too few late type dwarfs in our sample to be able to make a robust
conclusion. However, we do observe a decline in the value of HαEW with age.
LHα/Lbol presents a similar decay of magnetic activity for early- and mid-types (purple and
orange lines) for ages < 1 Gyr in Figure 3.6b. After this age, early-type M dwarfs are all inactive
in our sample, while mid-type M dwarfs present a transition to a steeper decrease of the mag-
netic activity with age. However, we need more old M dwarfs with Hα measurements to make a
conclusion about the evolution of magnetic activity after 1 Gyr.
There is significant scatter both in HαEW and LHα/Lbol at each age bin, partially due to the
intrinsic variability of Hα (Lee et al., 2010; Bell et al., 2012). To study the scatter in more detail,
we analysed the M dwarfs in our sample which have duplicate measurements of HαEW. Some of
these duplicated stars come from different studies of the same young association, which did their
own HαEW measurements. We also noticed that the duplicated age-calibrators are, on average,
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Figure 3.5 Age activity relation as indicated by Hα equivalent width (HαEW left panels) and
fractional Hα luminosity (LHα/Lbol right panels).
(a) HαEW (b) LHα/Lbol
Notes: We divided the sample in three panels according to the spectral type: in purple early partially convective
M dwarfs (M0 − M2, top panels), in orange mid fully convective M dwarfs (M3 − M6, mid panels) and in green
ultracool fully convective M dwarfs (M7 − M9, bottom panels). M dwarfs from young associations are shown with a
circle, and stars which have a white dwarf companion are shown with a five point star. A small random shift has been
applied to the age of the stars from young associations to improve the visualization. No shift has been applied to the
age of the M dwarfs with a white dwarf companion. We added a gray area to indicate approximately the stars that are
considered inactive. For the precise definition of inactive see Figure 3.3. We only show active stars for the LHα/Lbol
relation.
at a slightly shorter distance than non duplicated age-calibrators. This tendency may be due to
these stars being more likely to be selected by studies given the better quality of the data. We see
not such tendency with spectra type. Therefore, we are confident that we can use these duplicated
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Figure 3.6 Median values versus log10(Age/yr) for both Hα equivalent width (HαEW) and frac-
tional Hα luminosity (LHα/Lbol).
(a) HαEW








































Notes:We calculated the median values and 25 and 75 percentile for a sliding window of width 0.8 in units of
log10(Age/yr). Figure 3.5 shows the data used to make this figure. We note that the magnetic activity for early-type
M dwarfs decreases progressively, while for mid-type M dwarfs it seems to decrease more rapidly after 1 Gyr.
measurements to study Hα variability. Our sample of age-calibrators contains 155 stars with 2 − 6
independent measurements of HαEW which are shown in the top panel of Figure 3.7 with the
different measurements of HαEW corresponding to the same star joined by a line. We also show
the difference between the maximum and the minimum value of HαEW for each star in the bottom
panel of Figure 3.7. We note that 94% of the M dwarfs in the sample has an intrinsic Hα variability
≤ 5. By doing a literature search of the stars with higher ∆HαEW we found that most of the
stars which have ∆HαEW ≥ 10 are known variable stars (Kiraga, 2012; Schmidt et al., 2015;
Samus’ et al., 2017). This analysis on variability shows that our 3 cut to distinguish compatible
measurements was conservative (see Section 3.3.2). We also note that there is correlation between
∆HαEW and HαEW measurements in agreement with the results from Lee et al. (2010); Bell
et al. (2012).
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Figure 3.7 Hα variability from repeated independent measurements of the same stars as a function
of age.
Notes: A small random shift has been applied to the age of each star to improve visualization, so we also color coded
the stars according to their age to keep track of it. In the top panel we show all the measurements for each star.
Measurements of the same star are connected with a line. In the bottom panel we show the difference between the
maximum and the minimum values of HαEW for each star. We found that 94% of the repeated stars has a level of
HαEW variability ≤ 5 at young ages (< 1 Gyr).
3.7.2 Fitting the age-activity relation
We fit the age-activity relation measured with LHα/Lbol for all active age-calibrator (856 stars,
Tables 3.2 and 3.1) without binning by spectral type ranges, given that we lack enough information
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per bin. A broken power-law has been used in several previous studies of the X-ray age-activity
relation (e.g., Jackson et al., 2012; Booth et al., 2017) and for the rotation-activity relation (e.g.,
Delfosse et al., 1998; Douglas et al., 2014; Núñez et al., 2017; Newton et al., 2017) for cool dwarfs
to model a saturation regime where LHα/Lbol remains constant, followed by a power-law decay.
Furthermore, West et al. (2008a) found that for M dwarfs, LHα/Lbol remains constant for young
ages and then decays. Therefore, we decided to use a broken power-law to fit the age-activity
relation. See the Appendix A.2 for a comparison between the broken power-law and polynomials
of different degrees using the cross-validation method.
We performed a Markov chain Monte Carlo (MCMC) fit to the age-activity relation using
emcee (Foreman-Mackey et al., 2013) to estimate the parameters of the broken power-law and
















+β1, t0 ≤ t
(3.2)
where t is the age of the star. We used a Gaussian function as the likelihood and uniform priors
on each parameter. As discussed before, the age-activity relation for Hα is scattered due in part
to the intrinsic variability of this emission line. We included an extra parameter, σv, to model the
intrinsic variability of Hα assuming the variability of log10(LHα/Lbol) is the same for all stars, in
other words, that the Hα intrinsic variability is proportional to HαEW (Lee et al., 2010; Bell et al.,
2012). The resulting likelihood for our model is:




































where we sum over each measurement i of LHα/Lbol and age.
To ensure that the MCMC had converged, we calculated the autocorrelation time (τ f ) for our
likelihood and sampled our posterior by doing 100 τ f steps to assure∼ 100 independent samples10.
We show the maximum likelihood of the parameters of the broken power-law and the σv over
the age-calibrators in Figure 3.8, as well as one hundred random samples from the posterior dis-
tributions of the broken power-law parameters. We show the full posterior distributions and the
maximum likelihood values for each parameter in Figure 3.9. As discussed in Section 3.7.1, we
found for log10(LHα/Lbol) a decrease in activity strength from 1 Myr to t0 ∼ 776 Myr with a power-
law index of α1 = −0.11+0.02−0.01, with a variability of σv = 0.22±0.01. For ages> 776 Myr, the relation
shows a decline in magnetic activity with a power-law index of α2 = −0.88+0.20−0.25. However, t0 and
the power-law index for old stars are based on fewer than 10 active old stars. Therefore, these
parameters are not well constrained with our data, as shown by the purple line fits in Figure 3.8.
We do not recommend using this fit for stars with ages > 776 Myr. More data for older ages is
needed to calibrate the decay. From Figure 3.8 we can conclude that there is a breaking point at
which the magnetic activity starts to decline with a steeper slope according to Hα, and that it is at
10To calculate the autocorrelation time we followed the tutorial in https://emcee.readthedocs.io/en/stable/tutorials/autocorr/
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an age > 776 Myr, as indicated by our t0 parameter. As shown in Figure 3.5b, the old active stars
are of spectral type ≥M3, therefore this breaking point corresponds only to late-type stars. We
note that this age activity relation was obtained using only active stars. We will develop a model
combining LHα/Lbol, active fraction, color and age in future work.
Figure 3.8 Age activity relation for LHα/Lbol for M dwarfs.
Notes: We fit the relation with a broken power-law using a Markov chain Monte Carlo. We show in a black line the
maximum likelihood fit and in a dashed black line the fit ±σv, which models the Hα variability. We also include 100
draws from the posterior distributions for the parameters of the fit in purple. The age calibrators are shown as black
points and we added a random shift to their ages to facilitate visualization. Our model fits well most of the younger
stars (< 1 Gyr) and the range of variability includes the denser areas of points. However we do not have enough
information to fit the breaking point or the power-law decay of the older stars.
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Figure 3.9 Posterior probabilities for each parameter of the broken power-law fitted to the age









































































3.8 Comparison to previous age-activity relations
West et al. (2006) studied the Hα age-activity relation by collecting a sample of M dwarfs with
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3D positions, 3D kinematics and Hα equivalent widths and luminosities. They found that LHα/Lbol
decreases with increasing vertical distance from the galactic plane and that the slope of the relation
depends on the spectral type. As vertical distance is an age indicator such that older stars are
located farther from the plane (Wielen, 1977; Hänninen & Flynn, 2002), their conclusion was that
LHα/Lbol decreases with increasing age. They also found that the active fraction of M dwarfs also
decreases with vertical height. West et al. (2008b) used a one-dimensional model to simulate the
dynamics of stars in the Galaxy and fit the relation between active fraction and vertical height.
They found that the active lifetime of M dwarfs increases from 0.8 Gyr to 8 Gyr with spectral
type (M0 to M7), meaning that later-type M-dwarfs stay active longer than early-type ones. The
results from our study of the active fraction as a function of color for different ages (Figure 3.4)
agrees with the results from West et al. (2006) and other works that did a similar analysis (e.g.,
Hawley et al., 1996; West et al., 2011; Schmidt et al., 2015). In addition, our age-activity relation
(Figures 3.5, 3.6 and 3.8) qualitatively agrees with the results from West et al. (2008b).
West et al. (2008a) used a similar simulation as the one described above, to find ages from the
vertical height of the stars, and studied the relation between LHα/Lbol and age for M2-M7 dwarfs.
These relations are plotted as dotted-dashed lines in Figure 3.10 for M2, M5 and M7 over the data
for our age calibrators, which are divided according to spectral type range. We also included our
results for the fit from Figure 3.8, as reference. We do not have enough M dwarf-white dwarf
pairs with HαEW measurements to constrain the power-law index for ages > 1 Gyr, so we did
not include this part of the fit. We found that West et al. (2008a) overestimated the value of the
activity strength for early-type M dwarfs and slightly underestimated it for late-type M dwarfs.
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Their relation also indicates that LHα/Lbol remains constant for young ages up to the decline for all
M dwarfs. Our fit does a better job at describing the data, and unlike West et al. (2008a), we found
that LHα/Lbol for early- and mid-type M dwarfs decreases progressively for ages < 1 Gyr with a
slope α1 = −0.11+0.02−0.01. As shown by the relation between HαEW and age for each spectral type
bin in Figure 3.6a, the magnetic activity of old (> 1 Gyr) mid- and late-type M dwarfs seems to
decline more rapidly than young stars, in agreement with West et al. (2008a). However, we found
that early-type M dwarfs become progressively inactive unlike their result, which indicates a steep
decline.
Figure 3.10 Comparison of our result for the age-activity relation for LHα/Lbol with the results
from West et al. (2008a).
Notes: We divided our age-calibrators into three spectral type bins: in purple early partially convective M dwarfs
(M0 − M2), in orange mid fully convective M dwarfs (M3 − M6) and in green ultracool fully convective M dwarfs
(M7 − M9). We show as a dotted-dashed line the age-activity relation obtained by West et al. (2008a) for M2, M5 and
M7. We also show our results for the fit for ages < 1 Gyr in a black line and our fit to the variability in black dashed
lines.
The age-activity relation has been studied for other magnetic activity indicators. Stelzer et al.
(2013) using a 90% complete sample of M dwarfs within 10 pc, found that the fluxes of Hα, X-ray
and UV are correlated. This correlation was expected given that the three parameters are magnetic
activity indicators. Therefore we also compared our results to X-ray and UV age-activity relations.
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Jackson et al. (2012) studied the age-activity relation using X-ray luminosity for young F, G and K
dwarfs from known young associations (< 1 Gyr) and found a saturated region for ages< 100 Myr
where the X-ray luminosity remains constant and then declines with a power-law index between
α = −1.09± 0.28 and −1.40± 0.11. Booth et al. (2017) also studied the dependence of X-ray
luminosity for a sample of F, G, K and M dwarfs with ages obtained from astroseismology or from
white dwarf co-movers, such that the stars had an age > 1 Gyr. They found that X-ray luminosity
decreases with age with a power-law index of α = −2.8±0.72. Instead of a saturated region where
LHα/Lbol remains constant, we found that magnetic activity for stars with ages < 1 Gyr decreases
with a small power-law index of α1 = −0.11+0.02−0.01 and for stars> 1 Gyr of α2 = −0.88
+0.20
−0.25 (Figures 3.8
and 3.9). Although α2 is not well constrained by our model, our results seem to agree with Jackson
et al. (2012) and Booth et al. (2017) in that the decrease of magnetic activity is faster for old stars
that for young stars (< 1 Gyr).
Schneider & Shkolnik (2018) studied a sample of M dwarfs from young associations (< 1 Gyr)
and compared it to field dwarfs to characterize the UV age-activity relation. They found that mid-
to late- M dwarfs (0.08 − 0.35 M) remain relatively active throughout their lifetimes according
to UV flux density, with only a small decrease of magnetic activity from young to field ages.
They also found that early-Ms (0.35−0.6 M) have a much more significant decrease of magnetic
activity over the same age range. This result agrees with our result for the evolution of the magnetic
activity using Hα. For the active fraction as a function of (G − GRP) color for different age bins in
Figure 3.4, we found that the active fraction of early-type M dwarfs decreases from 1 to almost
zero for field dwarfs while the active fraction for mid-type M dwarfs remains close to one for ages
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< 1 Gyr and declines at an older age.
3.9 Conclusions
In this study, we analyze the age-dependence of the magnetic activity of M dwarfs from three
complementary perspectives: (1) the dependence of the active fraction of spectral subtypes with
age, (2) the dependence of Hα equivalent width (HαEW) with age, and (3) the dependence of
fractional Hα luminosity (LHα/Lbol) with age. We compiled a sample of 892 compatible single
M0 − M9 dwarfs (1,121 in total, including repeated measurements and not compatible) to serve as
age calibrators, based on 89,270 M dwarfs with HαEW measurements collected from the litera-
ture, focusing on M dwarf members of young associations or co-moving with a white dwarf. We
cross-matched our sample with Gaia DR2 to obtain proper motions and parallaxes and found that
97% of our sample was in Gaia DR2. From this sample we identified 871 M dwarf members of
known young associations (< 1 Gyr) using Gaia DR2 kinematics and parallaxes, and BANYAN Σ
(Gagné et al., 2018c), as well as 21 M dwarfs co-moving with a white dwarf from Gentile Fusillo
et al. (2019). The age for M dwarf members of young associations was obtained from the estimated
age of their association. For M dwarfs co-moving with a white dwarf, the age was calculated with
the Python package wdwarfdate (Kiman et al. in prep) available online11. We have made the
code used in this work available on Zenodo12 and GitHub13.
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1. From the 871 identified members of young associations in this study, 7 are new candidate
members (Table 3.5).
2. We studied the variability of Hα at young ages for 155 M dwarfs with 2 − 6 independent
HαEW measurements. We found that 94% of the sample has a ∆HαEW ≤ 5 for ages
< 1 Gyr, where ∆HαEW is the difference between the maximum and the minimum value of
HαEW (see Figure 3.7).
3. We confirmed that both HαEW and LHα/Lbol decrease with age for spectral types M0 − M9.
We lacked a large enough sample to determine a precise trend in late M dwarfs (> M7).
Kiman et al. (2019) found a dependence of LHα/Lbol on vertical action dispersion, which is
also a proxy for age (Wielen, 1977; Hänninen & Flynn, 2002). Figure 20 of Kiman et al.
(2019), shows that log10(LHα/Lbol) decreases from −3.5 to −5 for both mid (M5≤ SpT≤M8)
and late spectral types (SpT≥M8), which agrees with the dependence of LHα/Lbol with age
we found for M dwarfs co-moving with white dwarfs (see Figure 3.5b). This result indicates
that mid-type M dwarfs (∼M3 − M6) have a similar Hα age-activity relation to ultracool
dwarfs (>M6).
4. We classified our age-calibrators as active or inactive according to their HαEW. Using
this classification we calculated the active fraction per color bin. We confirmed that the
active fraction increases with color, which is a proxy for decreasing mass, from M0 − M7
in agreement with West et al. (2004) and Schmidt et al. (2015). Moreover, by calculating
the active fraction per color per age bin, we found that the active fraction varies with age
according to spectral type: the active fraction of early M dwarfs (<M3) decreases gradually
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from 1 to close to 0 between 0 − 750 Myr, while later types stay active longer, such that their
active fraction stays close to unity for ages < 1 Gyr (see Figure 3.4).
5. We found that the active fraction for early-type M dwarfs in the age-bin 700 − 1000 Myr is
close to the field value ( 1 Gyr), while mid-types have an active fraction close to unity in
the age-bin 700 − 1000 Myr and 0.6 for the field. The difference in active fraction between
early and mid-types after 1 Gyr could be indicating that late types stay active longer and
we do not have enough age resolution to distinguish the progressive decrease of the active
fraction with age. This discrepancy also could be indicating that the magnetic activity of
mid-type M dwarfs decreases rapidly after 1 Gyr (See Figure 3.4).
6. By comparing HαEW and LHα/Lbol as a function of age, we found that the magnetic activity
strength of early- and mid-type M dwarfs (<M7) gradually decreases during the first Gyr of
their lives. After ∼ 1 Gyr, early- and mid-types seem to behave differently. We found only
two early M dwarfs (<M3), which are both inactive and that continue the trend of a gradual
decrease of magnetic activity. For mid-type M dwarfs we found 14 old stars out of which
11 are inactive and present a large decline in Hα (∆HαEW ∼ 4 ), which seems to indicate
that the magnetic activity of mid-type M dwarfs decreases rapidly after ∼ 1 Gyr. However,
higher numbers of old stars (> 1 Gyr) are needed to make a robust conclusion.
7. We found that the power-law index for the relation between LHα/Lbol and age – using all
spectral types to fit the data – is α1 = −0.11+0.02−0.01 for ages . 776 Myr. For older ages we only
have LHα/Lbol measurements for spectral types ≥M3 (early-types found are inactive). We
found a power-law index of α2 = −0.88+0.20−0.25 for ages & 776 Myr, yet it is poorly constrained
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since it was fit on a sample of < 10 old active stars; hence we do not recommend using this
relation for stars with ages of & 776 Myr (see Figures 3.8 and 3.9). We conclude that spectral
types ≥M3 show a sharp decrease in Hα at ages & 776 Myr. More HαEW measurements
of M dwarfs co-moving with white dwarfs are needed to fit the age-activity relation for older
ages.
In this study we did not take into account metallicity to calibrate the age-activity relation.
Previous studies have shown that the metallicity is a source of scatter for the relation between
magnetic activity indicators and age: as the metallicity increases, the convection becomes more
efficient which enhances chromospheric activity (e.g., Lyra & De Mello, 2005; Lorenzo-Oliveira
et al., 2016). Metallicity should not affect the age-relation obtained from young associations given
than the ones used in this study have similar values (Malo et al., 2014b). While metallicity might
affect the relation for older stars, we are not setting a strong constraint in the age-relation for older
stars, so it does not modify our conclusions.
This work represents a big advancement on the understanding of M dwarfs magnetic activity
and evolution. In addition, this work is key for studying star-planet interactions, identifying hab-
itable exoplanets and identifying true planet signals with the radial velocity method, which can
be affected if the host star is magnetically active (ex. Robertson et al., 2013). In future work, we
plan to model the relation between HαEW and age using the calibration from this study. We will
use this model in a Bayesian algorithm to estimate ages of individual M dwarfs from their HαEW
combined with other age indicators to improve the precision and accuracy of M dwarf ages.
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Chapter 4
wdwarfdate: A Python Package to
Estimate White Dwarf Ages in a Bayesian
Framework.
This chapter will be submitted for publication to The Astronomical Journal in August 2021.
This work was done in collaboration with Dr. Siyi Xu, Dr. Jacqueline K. Faherty, Dr. Jonathan
Gagné, Dr. Ruth Angus, Dr. Sarah L. Casewell and Prof. Kelle L. Cruz.
4.1 Abstract
We present wdwarfdate, an open source Python package which estimates white dwarf ages
in a Bayesian framework. wdwarfdate allows the user to estimate the total age of a white dwarf
from its effective temperature and surface gravity. The code also estimates mass and cooling age
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from the white dwarf, and mass and main sequence age of the progenitor star. We show how
the parameter estimation using wdwarfdate compares to different previous studies of white
dwarfs from clusters, of low-mass and of spectral type DC. We find that our code works best
for DA and DB white dwarfs, in the range Teff = 2,500 − 150,000 K and logg = 7.0 − 9.0, and
Teff = 3,250 − 150,000 K and logg = 7.0 − 9.0 respectively, and in the mass range 0.5 − 1.1 M,
assuming a C/O core. We also recommend using white dwarfs in the range −0.5<GBP −GRP . 0.9
to avoid contamination objects such as non-white dwarfs or unresolved binaries. We include in
wdwarfdate different MIST isochrones and initial-to-final mass relations which allow the user
to optimize the age estimation by choosing the appropriate models for each problem. Finally we
use wdwarfdate to estimate the ages of a sample of 21 white dwarfs which are co-moving with
M dwarfs. Documentation for wdwarfdate is available online1.
4.2 Introduction
Stellar age is one of the most difficult fundamental properties to measure. Currently, there are
several methods which are used to estimate a stellar age such as gyrochronology (e.g., Skumanich,
1972; Barnes, 2003; Van Saders et al., 2016), asteroseismology (e.g., Chaplin et al., 2014; Aguirre
et al., 2017) and isochrone fitting (e.g., Baraffe et al., 2015; Agüeros et al., 2018; Berger et al.,
2020). However these methods have several limitations, for example the range of masses in which
they can be applied (e.g., Chabrier & Baraffe, 1997; Baraffe et al., 2015; Rodríguez et al., 2016).
In particular, these methods do not work for M dwarfs (< 0.06M). Thus for these stars it would
1https://wdwarfdate.readthedocs.io/en/latest/index.html
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be useful to have a method to estimate ages independently of the mass.
White dwarfs are the last stage of stellar evolution for stars with masses between 0.5 − 11 M.
These objects are born with high-temperatures and cool over time. This process is understood
to the point that by measuring the effective temperature and surface gravity from a spectrum or
photometry of a white dwarf, we can estimate how long it has been cooling with a precision of
a few million years (e.g., Fontaine et al., 2001; Fouesneau et al., 2019; Bédard et al., 2020).
This makes white dwarf cosmochronology a powerful tool. With the release of Gaia DR2 (Gaia
Collaboration et al., 2016, 2018b) new white dwarfs have been discovered –to the point that we
currently have 10 times more objects– that have precise proper motions and parallaxes from Gaia
(e.g., Gentile Fusillo et al., 2019; McCleery et al., 2020). As a consequence we can identify co-
moving pairs more rigorously (e.g., El-Badry et al., 2018). In addition, we can use white dwarfs to
estimate ages for some of these binaries. If the white dwarf is co-moving with another star, we can
assume both objects were born together, and if they are a wide pair, then it is safe to assume they
evolved as single stars as opposed to undergoing a phase of mass transfer or common envelope
evolution (Bodenheimer, 2011). Therefore, by knowing the age of the white dwarf we obtain the
age of the co-mover independently of its parameters, in particular its mass.
A typical white dwarf has a mass of 0.6 M, and typically span the range between 0.3−1.2 M
(Fontaine et al., 2001). They usually have a C/O core, surrounded by a thin He layer, surrounded
by a H layer. These layers are thin and extremely opaque (Fontaine et al., 2001). As a consequence,
most of the white dwarf spectra is dominated by H. These are classified as spectral type DA. Only
25% of white dwarfs do not have an H atmosphere layer, and they are classified with spectral type
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DB, or non-DA (Fontaine et al., 2001; Gentile Fusillo et al., 2015). There are different spectral
type classifications according to the lines in a spectrum of a white dwarf, which are summarized in
Table 4.1.
Assuming single star evolution, white dwarf ages can be estimated from an effective tempera-
ture and a surface gravity by combining a set of models (Fontaine et al., 2001). If the object did
not evolve as a single star, then the evolutionary models will not reproduce its properties correctly,
such as mass or cooling age (Marsh, 1995; Brown et al., 2011). In Section 4.4 we discuss dif-
ferent scenarios where the single star evolution assumption might not be valid. After estimating
effective temperature and surface gravity, from either spectra or photometry, we can divide the age
estimation process into four stages, summarized in Figure 4.1: 1) From the effective temperature
and surface gravity combined with cooling evolutionary models for the white dwarf (e.g., Bédard
et al., 2020) we can obtain its mass and cooling age; 2) Combining the mass of the white dwarf
and an initial-to-final mass relation (IFMR, e.g., Cummings et al., 2018; Marigo et al., 2020), we
can calculate the mass of the progenitor star, or initial mass; 3) With the mass of the progenitor
star and stellar evolution models (e.g., MIST isochrones, Choi et al., 2016; Dotter, 2016; Paxton
et al., 2011, 2013, 2015, 2018) we can estimate its evolutionary lifetime, which we will call main
sequence age in this work; 4) By adding the cooling age of the white dwarf and the main sequence
age of the progenitor, we can obtain the total lifetime age of the white dwarf.
As mentioned above, the cooling age of the white dwarf can be determined with a precision
of a few million years, depending on the uncertainties of the effective temperature and surface
gravity. The major source of uncertainty for the total age of the object comes from the IFMR and
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the main sequence age. Therefore the calibration of the IFMR and the stellar evolutionary models
used are a limiting factor in the precision of the total age estimation. One way to reduce this
problem is to only use the white dwarfs which have cooling ages longer than their main sequence
age (Garcés et al., 2011). In this case, the bigger contribution to the age would come from the
cooling age which has smaller uncertainty than the main sequence age. Nevertheless, it is crucial
to use a method with a good treatment of uncertainties. The BASE-9 code (von Hippel et al., 2006),
available online2, applies a Bayesian technique to estimate cluster parameters and stellar masses
using main sequence stars and white dwarfs. von Hippel et al. (2006) showed the importance of
analysing the complete posterior distribution of the parameters they calculate, specially when these
distributions are non-normal.
In this paper we present wdwarfdate, which is an open source Python package which es-
timates white dwarf parameters and their uncertainties from an effective temperature (Teff) and a
surface gravity (logg), assuming single star evolution. These output parameters are: mass and
cooling age of the white dwarf, main sequence age and mass of the progenitor star and total age of
the object. These parameters also depend on the chosen spectral type of the white dwarf, isochrone
parameters for the progenitor stars, and IFMR (See Section 4.3 for a detailed description). The
estimation of the parameters is done in a Bayesian framework which produces a median and an
uncertainty, but also the complete posterior probability distribution function (PDF) for each pa-
rameter, which is significantly more informative.
This paper is divided into the following sections. In Section 4.3 we describe the Bayesian
method algorithm used by wdwarfdate. We also describe the models we included for each
2https://base-9.readthedocs.io/en/latest/
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step of the chain described above: cooling evolutionary models, IFMR and stellar evolutionary
models. Then in Section 4.4 we make a detailed analysis of the caveats and restrictions that need
to be taken into account when running wdwarfdate. In Section 4.5 we apply the code to white
dwarfs from different studies and compare their results with the ones from wdwarfdate. The
goals of this section are to ensure the reliability of our code results and to exemplify its limitations.
We compare the results of parameter estimation using wdwarfdate with previous studies of
white dwarfs from clusters, of low-mass and of spectral type DC (Sections 4.5.1, 4.5.2, 4.5.3,
respectively). In Section 4.6 we use wdwarfdate to estimate the ages of 21 white dwarfs which
are likely co-moving with M dwarfs. Finally, in Section 4.7 we summarize our results.
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Figure 4.1 Chain of models required to estimate a white dwarf total age from an effective temper-
ature and surface gravity (Teff and logg).
Notes: In this diagram mf and mi are the final mass (mass of the white dwarf) and initial mass (mass of the progenitor
star), and tcool, tms and ttot are the cooling age of the white dwarf, the main sequence age of the progenitor star and the
total age of the object, respectively.
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Table 4.1 Spectral type classification of white dwarfsa.
SpT AVLb Characteristics
DA Y Strong H lines
DB Y Strong He lines
DC N Continuous spectrum, no lines deeper than 5%
DO N He II strong ; He I or H present
DZ N Metal lines only; in general strong He lines
DQ N Carbon features, either atomic or molecular
aReferences: (McCook & Sion, 1999)
bAvailable to use with wdwarfdate.
4.3 The algorithm
In this section we describe the models included in wdwarfdate for each part of the chain
described in Section 4.2 and Figure 4.1, and the Bayesian method we developed to estimate white
dwarf ages and their uncertainties. In addition to ages, wdwarfdate performs the estimation
of the following parameters: cooling age and mass of the white dwarf, and main sequence age
and mass of the progenitor star. In this section we also describe how we calculate each of these
parameters.
4.3.1 Models included
The precision of white dwarf parameter estimation from an effective temperature and a surface
gravity depends strongly on which models are chosen for each stage of the chain described in
Figure 4.1. Below we show the different models we included in wdwarfdate which can be
adjusted to improve the parameter estimation. For a description of the caveats of each model and
other restrictions to take into account when running wdwarfdate see Section 4.4.
To estimate final mass and cooling age from an effective temperature and a surface gravity, we
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included the cooling tracks from the Montreal White Dwarf Group for DA and DB white dwarfs
(Bergeron et al., 1995; Fontaine et al., 2001; Holberg & Bergeron, 2006; Kowalski & Saumon,
2006; Bergeron et al., 2011; Tremblay et al., 2011; Blouin et al., 2018; Bédard et al., 2020) avail-
able online3. They calculated white dwarf masses and cooling ages using the evolutionary sequence
for a grid of effective temperature and surface gravity in the range Teff = 2,500 − 150,000 K and
logg = 7.0 − 9.0 for DA white dwarfs and Teff = 3,250 − 150,000 K and logg = 7.0 − 9.0 for DB
white dwarfs.
To estimate the initial mass of the progenitor from the white dwarf final mass we included
several IFMR: Cummings et al. (2018, MIST- and PARSEC-based), Marigo et al. (2020), Salaris
et al. (2009) and Williams et al. (2009). We plotted all these relation in Figure 4.2 to facilitate the
comparison. The IFMR from Cummings et al. (2018) was obtained semi-empirically using white
dwarfs from known clusters, and therefore known total age. From measured spectroscopic Teff and
logg they estimated the cooling age and mass of the white dwarf using the cooling tracks from
the Montreal White Dwarf Group. By subtracting the cooling age from the relevant cluster age
they obtained the progenitor lifetime. Then they used two stellar evolution models to obtain the
initial mass from the progenitor age: the PARSEC isochrones (Bressan et al., 2012) and the MIST
isochrones (Choi et al., 2016; Dotter, 2016) available online4, which are based on the Modules
for Experiments in Stellar Astrophysics (MESA, Paxton et al., 2011, 2013, 2015, 2018). These
two evolutionary models resulted in two IFMR, both of which are included in wdwarfdate.
The difference between the initial masses calculated for the two IFMR is within 5%, however
3http://www.astro.umontreal.ca/~bergeron/CoolingModels/.
4http://waps.cfa.harvard.edu/MIST/
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Cummings et al. (2018) suggests using the MIST-based IFMR given that the non-rotating PARSEC
isochrones underestimate ages for cluster younger than 100 Myr. This effect also happens for the
MIST isochrones, but it is stronger for the PARSEC ones. Therefore, the MIST-based IFMR is
the one we mostly use during the rest of this study. The semi-empirical IFMR from Marigo et al.
(2020), was also obtained from white dwarfs from known clusters. In particular, they included
seven new white dwarf members of the old open clusters NGC 752 (1.55 Gyr) and Ruprecht 147
(2.5 Gyr) which allowed them to study the low-mass end (around 0.5 M) of the IFMR in detail. In
addition, they used a new analysis technique which combines photometric and spectroscopic data
to estimate precise Teff, logg and mf, and to confirm cluster membership for the white dwarfs. As
shown in Figure 4.2, they found a kink at low-masses which they associated with the formation of
carbon stars in the Galaxy. The IFMR from Salaris et al. (2009) also used white dwarfs from known
clusters to calibrate the relation, but put special emphasis in the models used, and confirming all of
them were compatible. They also performed a detailed analysis of the sources of uncertainties and
scatter in the relation. Finally, the IFMR from Williams et al. (2009) studied white dwarfs from
the intermediate-age open cluster M35 (NGC 2168), which provided information to constrain the
higher-mass end of the IFMR.
For the next stage of the chain, which is calculating the main sequence age from the initial
mass, we included in wdwarfdate the stellar evolution models provided by the MIST isochrones.
These isochrones are available for different abundances and with and without rotation. Currently
the isochrone models to choose from when running wdwarfdate are: Fe/H = {−4,−1,0,0.5},
α/Fe = 0, and v/vcrit = {0.0,0.4}. See Section 4.4 for a comparison between the results of doing
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Figure 4.2 Comparison of the initial-to-final mass relation included in wdwarfdate.
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Notes: Cummings et al. (2018) MIST-based (solid blue line) and PARSEC-based (dashed-dotted light blue line),
Marigo et al. (2020, dotted orange line), Salaris et al. (2009, solid thin red line) and Williams et al. (2009, dashed
green line). The calculated initial masses to calibrate the two IFMR from Cummings et al. (2018) differ only in a 5%,
however and they recommend using the MIST-based IFMR because the PARSEC isochrones underestimate ages of
clusters younger than 100 Myr. Marigo et al. (2020) studied in detail the low-mass end of the relation (around 0.5 M)
and found a kink not present in the others IFMR, and Williams et al. (2009) concentrated on the high-mass end of the
relation, generating the deviation shown in the figure at the low-mass end.
parameter estimation with different isochrone models.
4.3.2 The Bayesian method
To estimate white dwarf ages and their uncertainties, wdwarfdate uses emcee (Foreman-
Mackey et al., 2013) to sample the posterior probability
p(tms, tcool,∆m|Teff, logg) (4.1)
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where tms is the main sequence age of the progenitor star and tcool is the cooling age of the white
dwarf. ∆m is an extra parameter which takes into account the scatter in the IFMR of white dwarfs,
and it is described below. Teff and logg are the measurements for the effective temperature and
surface gravity, respectively, of the white dwarf. Using Bayes theorem, the posterior probability in
Equation 4.1 can be written as
p(Teff, logg|tms, tcool,∆m)p(tcool)p(tms)p(∆m), (4.2)















is the likelihood. Teff and logg in Equation 4.3 are the modeled effective temperature and surface
gravity of the white dwarf. These modeled quantities are calculated from the three parameters
that are being sampled tms, tcool and ∆m by inverting the four stages described in Section 4.2. The
models used are the same which were described in Section 4.3.1, but are being used in the opposite
direction as shown in probabilistic graphical model in Figure 4.3. By using this Bayesian method,
we were able to include ∆m to model the scatter in the IFMR. This scatter is due mostly to con-
tamination from non-cluster members, measurement errors, metallicity variations, inconsistencies
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with the models used and age determination of the clusters (e.g., Weidemann, 2000; Williams et al.,
2009; Casewell et al., 2009). The parameter ∆m is drawn from a normal distribution centered at
zero with standard deviation σm, which is a prior in our model, such as
p(∆m) =N (0,σm). (4.4)
We estimated σm by calculating the standard deviation of the data from Cummings et al. (2018),
and got σm = 0.8 M. In our model shown in Figure 4.3, mf is the true mass of the white dwarf
and m̂f is the scattered mass. Therefore we can calculate the true final mass as mf = m̂f + ∆m.
The priors indicated in the posterior probability of Equation 4.2 are given by the boundaries
of the models being used. For example, the MIST-based IFMR from Cummings et al. (2018) is
only valid for progenitor stars in the range 0.85−7.5 M. Therefore those limits act as priors. The
same happens with the limits of the grid models from the MIST isochrone models and the cooling
tracks. Although these are not physical priors, we prefer not to extrapolate the models to parameter
spaces where we do not know if they are still valid.
The output of emcee are the posterior PDF for the three independent parameters: tms, tcool
(which are sampled in logarithmic scale) and ∆m. For the dependent parameters (total age, final
mass and initial mass), we set up wdwarfdate to record their values in each iteration of the
sampling to construct a distribution for these parameters as well.
To check if the sampler converged, we included in wdwarfdate the calculation of the auto-
correlation time (τc) for each star every 100 steps. We consider a run is converged if the total
amount of steps is > 100× τc, to obtain at least 100 independent samples, and if the difference
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between the values of τc calculated every 100 steps is < 1% (Foreman-Mackey et al., 2013).
The sampling of the posterior is faster if as initial conditions for the parameters, we use a
value close to the answer. Therefore, the Bayesian method wdwarfdate first uses a fast-test
method, which takes only a few seconds to run, to estimate the initial values for the sampling of
the posterior. For this method, wdwarfdate generates two normal distributions for the effec-
tive temperature and surface gravity, using the measured values (Teff and logg) as means and the




Second, the code does a Monte Carlo uncertainty propagation by running the two distributions
through the process described in Figure 4.1. As a result it obtains a distribution for each of the
parameters of interest: final mass, initial mass, cooling age, main sequence age and total age.
Therefore, the initial values for the main sequence and the cooling age are the median of these
distributions. The fast-test method provides a good first approximation to the parameters, however
it might not be the best uncertainty estimator. Below we show an example of applying the fast-test
method.
To compare the performance of the fast-test and Bayesian methods, we run wdwarfdate to
estimate the parameters of the white dwarfs in Cummings et al. (2018), using the effective tem-
perature and surface gravity published in their work. For both methods we used the Cummings
et al. (2018) MIST-based IFMR, assuming spectral type DA, Fe/H = 0 and v/vcrit = 0.0, and the
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Notes: tms is the main sequence age of the progenitor star. tcool is the cooling age of the white dwarf. ttot is the total
age of the white dwarf. mi is the initial mass (mass of the progenitor star). m̂f is the scattered final mass (mass of
the white dwarf) calculated from the initial mass. ∆m is an extra parameter to take into account the scatter in the
initial-final mass relation. mf is the true final mass, calculated by adding ∆m to m̂f. Teff and logg with a single circle
are the modeled effective temperature and surface gravity, which are compared to the data which are Teff and logg with
double circle.
uncertainties were calculated using the 16th and 84th percentile of the distributions. The results
comparing the two methods are in Figure 4.4. The median values of the parameters estimated with
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wdwarfdate agree with the Cummings et al. (2018) results for both methods. We calculated
the percentage of objects which agree with the Cummings et al. (2018) results within 1σ for each
parameter, and the results are shown in Table 4.2. We found that for the cooling age and the fi-
nal mass of the white dwarf, both methods have a similar percentage of objects within 1σ, which
indicates that both methods have a comparable performance in the parameter and uncertainty es-
timation. However, for the main sequence age, initial mass and total age, the percentage of object
within 1σ is almost double for the Bayesian method. The difference in the percentage of agreement
between the two methods is mostly due to the Bayesian method estimating more precise uncertain-
ties, given that the median values for the two methods are similar (within 15%). This improvement
is due partially to the ∆m we included in this method to take into account the scatter in the IFMR,
and also to the fact that the emcee sampling of the posterior probability in the Bayesian method
has a more precise treatment of the uncertainties.
We also note that the Bayesian method did not estimate exactly the same values as Cummings
et al. (2018) for all the parameters. We discuss these differences in Section 4.5.1.
Table 4.2 Percentage of white dwarfs for which the parameters estimated with wdwarfdate are
within 1σ of the Cummings et al. (2018) results.
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Notes: The Bayesian method uses the fast-test to calculate the initial values for two of the parameters it is going to
sample: main sequence and cooling age. We run the white dwarfs in Cummings et al. (2018) using the two methods
and compared the results. On the top panels and in blue we show the results of the Bayesian method, and on the bottom
panels and in gray we show the results from the fast-test method. With this comparison, we found that the Bayesian
method works better than the fast-method to estimate uncertainties. However, the fast-test method only takes a few
seconds to run one white dwarf and provides a good first approximation to the results.
4.4 Caveats of the method
White dwarf cosmochronology is a powerful tool to estimate ages, however it is also based
on a number of assumptions about the composition and atmosphere of the object that need to
be taken into account. In this section we discuss the caveats which could affect the parameter
estimation done with wdwarfdate. We also describe the assumptions made in wdwarfdate
and the models which can be adjusted to improve the precision of the estimations.
The typical structure of a white dwarf consists of a C/O core with a thin shell of He, surrounded
by a thin layer of H. Both the core and the surface layers have an important role in how the white
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dwarfs cool given that their thickness regulates how the heat is lost (Hansen et al., 2004). For
example, DA white dwarfs with thick H layers cool slower than DB objects because the H envelope
is a better insulator (Fontaine et al., 2001). In addition, the internal chemical composition of the
core will affect the heat capacity of the object, and therefore the cooling rate (Hansen et al., 2004).
It has been shown that the estimated cooling age of a white dwarf assuming a pure C core is
an upper limit, while assuming a pure O core it is a lower limit, and the cooling ages can vary
by 20% (Fontaine et al., 2001). Although the core composition is still a source of uncertainty
for white dwarf cosmochronology (Simon et al., 2015), it is necessary to assume one to estimate
the cooling age and mass of a white dwarf with evolutionary models. Cooling tracks from the
Montreal White Dwarf Group used by wdwarfdate (see Section 4.3.1) were calculated using
evolutionary models assuming a core made of a uniform mixture with same proportions of C and
O (XC = XO = 0.5), surrounded by a layer of He and outermost H layer. For DA white dwarfs the
atmospheric model used corresponds to a thick H layer (qHe = 10−2, qH ≡MH/M∗ = 10−4), while for
DB white dwarfs they used a thin H layer (qHe = 10−2, qH = 10−10 Bédard et al., 2020). Parameter
estimation using wdwarfdate outside this range should be taken with caution (see Section 4.5).
We discuss masses < 0.45 M below.
Standard white dwarf modeling fails to reproduce the spectra from cool white dwarfs (Blouin
et al., 2018). For DA (DB) white dwarfs of Teff < 5,000 K (Teff < 10,000 K), the spectral fea-
tures are mostly gone. These are classified with spectral type DC (Table 4.1). Cool white dwarfs
crystallize in their cores, which will slow down the cooling time (Hansen et al., 2004; Tremblay
et al., 2019). Blouin et al. (2018) used the few coolest stars exhibiting spectral features to update
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the atmospheric models of cool white dwarfs. The evolutionary sequence of hot white dwarfs
(Teff ≥ 30,000 K) is also different. The cooling of a young, hot white dwarf is faster than their
cool counterparts. Bédard et al. (2020) made a detailed description of the cooling of hot white
dwarfs and developed new evolutionary and atmospheric models, which resulted in more precise
parameter estimation. As the models used in wdwarfdate are the cooling tracks from the Mon-
treal White Dwarf Group, it counts with a grid which covers the range Teff = 2,500 − 150,000 K
and logg = 7.0 − 9.0 for DA white dwarfs and Teff = 3,250 − 150,000 K and logg = 7.0 − 9.0 for
DB white dwarfs (Kowalski & Saumon, 2006; Tremblay et al., 2011; Bergeron et al., 2011; Blouin
et al., 2018; Bédard et al., 2020). Currently wdwarfdate does not estimate Teff and logg, so note
that it is important to obtain these parameters from the correct atmospheric models (Blouin et al.,
2018; Bédard et al., 2020).
As mentioned above, the estimation of the cooling age and mass depend on the atmospheric
model used, which changes according to the spectral type of the white dwarf, meaning its atmo-
spheric composition. wdwarfdate has the option of choosing between the spectral types DA
and DB (See Table 4.1 for a list of the different white dwarf spectral types). However, if the white
dwarf has an unusual spectral type like DC, the cooling age estimation assuming a DA atmospheric
model could be imprecise by ∆tcool = 0.2+0.5−0.2 Gyr (See Section 4.5.3). In addition, the spectral type
of some white dwarfs evolve with time. Thus we cannot be sure a DA white dwarf evolved as
DA all its life, because it could have been a non-DA first (Bergeron et al., 2001; Bédard et al.,
2020). However, as most white dwarfs evolve without changing spectral type as DA white dwarfs
(Fontaine et al., 2001), we did not include spectral type evolution in wdwarfdate.
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Apart from the white dwarf evolutionary and atmospheric models, the parameter estimation
using wdwarfdate requires assumptions about the relation between the progenitor mass and the
white dwarf mass, the IFMR. This is an empirical relation, which is improving as more precise
measurements of white dwarfs and their progenitors become available. The current version of
wdwarfdate counts with the IFMR from Marigo et al. (2020), Cummings et al. (2018, MIST
and PARSEC), Salaris et al. (2009) and Williams et al. (2009) (See Section 4.3.1 for a description
of each study).
The main sequence age of the progenitor is obtained from an isochrone model, based on its
mass. This model will be affected by abundances and rotation, so these have to be chosen carefully.
Currently the isochrone models included in wdwarfdate are: Fe/H = {−4,−1,0,0.5}, α/Fe = 0,
and v/vcrit = {0.0,0.4}. We tested the parameter estimation done with wdwarfdate for 10 white
dwarfs using all the possible combinations of Fe/H = {−4,0.5} and v/vcrit = {0.0,0.4}. We found
an average difference between the maximum and minimum estimated values of 0.003 M for the
final mass and 0.002 Gyr for the cooling age, which is equivalent to no variation, which is expected
because we did not modify the parameters of the white dwarf. For the initial mass, main sequence
age and total age we found a difference of 0.11 M, 0.28 Gyr and 0.27 Gyr respectively. This
shows that the parameters of the progenitor star need to be chosen carefully given that they can
modify the results significantly.
Within the Hubble time, it is not possible to have a white dwarf with a mass smaller than
0.45 M that was formed by single stellar evolution. Low-mass white dwarfs (< 0.45 M), cannot
ignite He, therefore they have a He core. These systems are thought to be the result of binary
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evolution (e.g., Marsh, 1995; Brown et al., 2011). In addition, there are studies which propose that
these objects could be formed from a red giant branch star which had a high mass loss rate (e.g.,
Kilic et al., 2007). Some systems could also appear to be white dwarfs of these low masses, for
example unresolved white dwarf binaries such as double degenerate stars, look like one single over-
luminous star. With the same Teff, this means bigger radius, which means smaller mass according
to the mass-radius relation of degenerate objects (Bergeron et al., 2001). This phenomenon could
simulate a white dwarf of mass < 0.45 M. Therefore, the estimation of low-mass white dwarfs
need to be taken with caution. In Section 4.5.2 we show the results of using wdwarfdate on
low-mass white dwarfs.
Higher-mass white dwarfs (> 1.1 M) should also be taken with caution as mentioned above.
These stars are potentially magnetic white dwarfs and may have come from a merger (Ferrario
et al., 2015), which would make the single star evolution assumption fail, and therefore the models
would not reproduce the true evolution of the object.
If the identification of white dwarfs and/or the calculation of their Teff and logg are from pho-
tometry, it is important to include high-quality photometry for as many photometric bands as pos-
sible. Gentile Fusillo et al. (2019) used only the three available bands in Gaia DR2 to estimate Teff
and logg, but performed a detailed analysis of quality cuts to keep the best photometry. We refer
to their work for details on the selection of Gaia DR2 photometry. Also, a color range between
−0.5 < GBP − GRP . 0.9 avoids contamination objects such as non-white dwarfs or unresolved bi-
naries (Gentile Fusillo et al., 2019). In addition, white dwarfs with redder colors (GBP −GRP & 0.9)
are likely to be very cool which can cause issues with their SED in the near/mid-IR.
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4.5 Comparative analysis
In this section we compare the results from doing white dwarf parameter estimation with
wdwarfdate with results from previous studies. The two goals of this section are to ensure
wdwarfdate results are reliable, and also to exemplify its limitations. Unless indicated oth-
erwise, the wdwarfdate runs were made using the Bayesian method and the Cummings et al.
(2018) MIST-based IFMR, assuming spectral type DA, Fe/H = 0 and v/vcrit = 0.0. The uncertain-
ties were calculated using the 16th and 84th percentile of the distributions.
4.5.1 Comparison to white dwarfs from clusters
Cummings et al. (2018) used a sample of 79 white dwarfs from 13 different clusters of known
age to calibrate the IFMR. As discussed in Section 4.3.1, they used the cooling tracks from the
Montreal White Dwarf Group to estimate final masses and cooling ages from Teff and logg, and
the MIST isochrones to estimate initial masses from the cooling and total ages of the objects. The
cooling tracks from the Montreal White Dwarf Group used in their study are an older version
than the ones included in wdwarfdate. However, given that they estimated all the parameters
which can be obtained with our code, Cummings et al. (2018) is an ideal study to compare the
performance of wdwarfdate.
We run wdwarfdate on all the stars in Cummings et al. (2018) using the Teff and logg pub-
lished in their work. We compared the following parameters estimated by wdwarfdate: final
mass, cooling age, initial mass and main sequence age, shown in Figure 4.5. Most of the values
agree within 1σ with the results from Cummings et al. (2018), and we color-coded the rest to study
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them in detail. The two white dwarfs color-coded in green have a lower final mass and cooling age
than expected given Cummings et al. (2018) results. These stars have a logg> 9, which is the limit
of the grid of values included in wdwarfdate (See Section 4.3.1). Therefore it is expected that
the parameters estimated differ from the values in Cummings et al. (2018). One of these objects is
GD 50, which is a young and ultramassive white dwarf 1.28±0.08 M white dwarf (Gagné et al.,
2018b). Its estimated surface gravity is logg = 9.20± 0.07. For GD 50 we obtained a final mass
and cooling age 2 − 5% lower than the values obtained by Gagné et al. (2018b). To model values
of Teff and logg outside of the grid included in wdwarfdate it would be necessary to use evolu-
tionary sequences (Bédard et al., 2020) available online with the cooling tracks from the Montreal
White Dwarf Group. In purple, we color-coded three white dwarfs which have a higher cooling
age than expected according to the parameters in Cummings et al. (2018). These objects have
Teff > 50,000 K. The high-temperature white dwarfs were not correctly modeled in the older ver-
sion of the cooling tracks from the Montreal White Dwarf Group. Improved models were included
by Bédard et al. (2020), which we implemented in wdwarfdate. We confirmed our calculations
of the cooling ages with the Montreal White Dwarfs Data Base5, which contains the updated mod-
els. In orange, we color-coded one white dwarf for which the main sequence age we estimated
was significantly higher than the Cummings et al. (2018) value. This difference is most likely due
to it being a field white dwarf, instead of belonging to the NGC 2168 cluster (Cummings et al.,
2016). This would make the main sequence age, which was calculated as the total age minus the
cooling age in Cummings et al. (2018) imprecise, given that the total age is wrong. Last, in red we
color-coded a particular feature which in which initial masses are lower than expected and main
5https://www.montrealwhitedwarfdatabase.org/
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sequence ages are higher. This feature is caused by the changes in slope from the IFMR. To check
this, we repeated the calculations using a linear IFMR from Williams et al. (2009), and noticed that
the results did not have this feature.
To compare the total age estimated with wdwarfdate with the cluster age, we excluded the
two objects which are outside the grid of Teff and logg (in green), and the likely contaminant (in
orange), described above and shown in Figure 4.5. To compare the total age, we divided the white
dwarfs according to their age. We plotted the age posterior PDFs for each white dwarf estimated
with wdwarfdate, and the age of the cluster they belong to as a vertical black line, assigning
one age per panel, as shown in Figure 4.6. The total estimated age agrees within 1σ with the
cluster age for 85% of the white dwarfs. However, for most of the objects which are not within
1σ, the difference between the total age estimated and the age of the cluster is < 500 Myr. We
note that for young stars (< 1 Gyr) the difference between the true age and the median of the
age posterior PDF is ∆ttot = 0.06+0.48−0.06 Gyr, for intermediate age stars (1 Gyr < ttot < 2.5 Gyr) it is
∆ttot = 0.82± 0.53 Gyr, and for the old cluster of 12 Gyr it is ∆ttot = 5.9± 1 Gyr. This shows a
significant loss of precision in the median total age as objects become older. This effect is due to
the white dwarfs from this old cluster are also the low-mass (around 0.5 M). Therefore they have
large main sequence ages, which makes the results less precise. This effect would not happen if the
white dwarfs had longer cooling ages than main sequence ages (Garcés et al., 2011). We repeated
this calculation using the Marigo et al. (2020) IFMR that calibrated the relation with more low-
mass white dwarfs than Cummings et al. (2018), but the results did not improve, supporting that
the uncertainty comes mainly from the main sequence age. In conclusion, median total ages of
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Figure 4.5 Test of parameter estimation with wdwarfdate with white dwarfs from moving
groups.
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Notes: We run the white dwarfs in Cummings et al. (2018) using wdwarfdate to compare the results. Most of the
parameters are within 1σ and we color-coded the rest. The two green white dwarfs with lower final mass than expected
have a logg outside the grid used in our code. The orange white dwarfs with higher main sequence age than expected
is likely not a cluster member. The three purple white dwarfs with higher cooling age have high effective temperatures,
and have a better parameter estimation with our code because the cooling models were updated since Cummings et al.
(2018). The objects in red form a feature with lower initial masses and longer main sequence ages than expected and
it is caused by the change in slope of the IFMR.
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low-mass white dwarfs (. 0.5 M), and/or high main sequence age should be taken with caution.
In these cases it is advisable to look at the complete posterior PDF. In Section 4.5.2 we analyse
low-mass white dwarf parameter estimation in more detail.
4.5.2 Comparison with low-mass white dwarfs.
To study the precision of wdwarfdate at low-masses, we estimated the parameters of the
white dwarfs from Canton et al. (2021). They measured Teff and logg from high resolution spectra
for 22 white dwarfs from the M67 cluster which is 3.5 Gyr and solar metallicity. We used their Teff
and logg to run the parameter estimation of the white dwarfs with wdwarfdate. The results are
in Figure 4.7. We note that there is a good agreement for final mass and cooling age of the white
dwarfs, where most of the parameters are within 1σ from the results in Canton et al. (2021). There
are three white dwarfs for which our results agree within 2σ, and they are the lowest masses in the
sample (< 0.45 M, color-coded in purple). These objects were discarded by Canton et al. (2021)
according to their final mass. Such low-mass objects are likely the result of binary evolution, and
the parameter estimation using wdwarfdate is not precise in these cases. However we analyze
these objects below as an example of what happens when using wdwarfdate on objects that did
not have a single star evolution. Two of these purple objects also have mass ≤ 0.45 M calculated
by wdwarfdate (which are actually the same object but with Teff and logg calculated with two
different models by Canton et al. 2021). However, the third white dwarf has a mass of ∼ 0.5 M
according to wdwarfdate, and would not be discarded with a cut of 0.45 M. Thus low-mass
white dwarf (∼ 0.5 M) should be taken with caution. For the total age estimation, 81% of the
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Figure 4.6 Total age PDF calculated with wdwarfdate for white dwarfs in Cummings et al.
(2018).
125 and 135 Myr 180 Myr 195 Myr 200 Myr
225 Myr 360 Myr 570 Myr 685 Myr
7 8 9 10
705 Myr
7 8 9 10
1520 Myr
7 8 9 10
2450 Myr
7 8 9 10
12000 Myr
log10(TotalAge/yr)
Notes: We compare the posterior PDF for the total age estimated with wdwarfdate for the white dwarfs in Cum-
mings et al. (2018). These objects belong to clusters, so we show in a black vertical line its age, and we divide all the
objects by age in each panel. 85% of the median ages of the objects agree within 1σ with the total age of the cluster
they belong too. For most of the objects which are not within 1σ, the difference between the total estimated age and
the age of the cluster is < 500 Myr. We found a significant lost of precision in the median age as white dwarfs become
older. For these cases is specially advisable to take into account the complete posterior PDF, rather than the median.
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objects are within 1σ. We also found that the total age estimation for the three purple white
dwarfs is worse than for the rest of the sample. We calculate the difference between the median
of the distribution and the age of the cluster and found that for the three low-mass white dwarfs
the difference is: ∆ttot = 7.5± 2 Gyr, and for the rest of the sample is ∆ttot = 1.7± 0.8 Gyr. We
note that the ∆ttot calculated for most of the sample, agrees with the value for intermediate ages
calculated in Section 4.5.1. To further check this behaviour we run wdwarfdate using the IFMR
from Marigo et al. (2020) which differs from Cummings et al. (2018) for low-masses and we found
the same result.
4.5.3 Comparison with DC white dwarfs
To compare wdwarfdate results for DC white dwarfs, we downloaded 135 single DC white
dwarfs from the Montreal Data Base (MWDD, Dufour et al., 2017), along with their Teff, logg,
final mass and cooling age, and uncertainties. We run wdwarfdate assuming DA white dwarfs
and compared the results, which are shown in Figure 4.8. In the previous examples, final mass
and cooling age are normally the best estimated parameters. In this case, we note that both panels
present more scatter, as expected because we assumed a DA spectral type. The median difference
between the value from the MWDD values and the median of the age posterior PDFs for cooling
age and final mass are ∆tcool = 0.2+0.5−0.2 Gyr and ∆mf = 0.03
+0.06
−0.03, respectively. There is one object for
which the difference in mass and cooling age is larger than the median. This is WD 2253+812, and
we did not find any peculiarity with it. All the white dwarfs from the MWDD are spectroscopically
confirmed and published in the literature. This could explain the difference in the final mass if the
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Figure 4.7 Test of the parameter estimation with wdwarfdate with cool white dwarfs.
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Notes: To study the performance of wdwarfdate at low-masses, we run our code on 22 white dwarfs from Canton
et al. (2021), which are from the M67 cluster (3.5 Gyr). We found that most of the white dwarf masses and cooling
age from wdwarfdate agree within 1σ with the results from Canton et al. (2021). However the lower masses
(color-coded in purple) do not agree. These objects are likely the results of binary evolution, so it is expected that
wdwarfdate does not estimate precise parameters. In particular we can see that the total mass estimation is worst
for these objects. We conclude that masses ≤ 0.5 M estimated with wdwarfdate should be taken with caution.
values in the MWDD were measured directly from spectra, assuming a DC white dwarf. We
conclude that the parameter estimation for DC white dwarfs using wdwarfdate gives a good
approximate value for the final mass and cooling age for most objects but it is less precise than for
DA and DB white dwarfs, and should be taken with caution.
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Notes: We run wdwarfdate on 135 DC white dwarfs from the Montreal Data Base, assuming DA white dwarfs to
test the precision of the estimation of the white dwarf mass and cooling age. We found that wdwarfdate gives a
good approximate value for most objects, but it is not as precise as for DA and DB white dwarfs and should be taken
with caution.
4.6 Calculation of new white dwarf ages
As discussed in Section 4.2, white dwarf cosmochronology is a powerful tool. In particular it
can be used to estimate ages of main sequence stars for which an age cannot be obtained using
other methods, for example M dwarfs. If the main sequence star is co-moving with a white dwarf,
then we can estimate the age of the degenerate object and extrapolate it to the star. Thus, we used
wdwarfdate to estimate the ages of 30 white dwarfs identified to be candidate wide co-movers
with an M dwarf (Kiman et al., 2021). Taking advantage of the precise photometry and parallaxes
from Gaia DR2, Gentile Fusillo et al. (2019) estimated effective temperature and surface gravity for
260,000 high-confidence white dwarfs identified from the color-magnitude diagram. We used their
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estimation of Teff and logg to perform the white dwarf parameter estimation with wdwarfdate.
To identify which white dwarfs our tool works best on, we plotted them in a color-magnitude
diagram over the models of constant mass 0.5 M, 0.7 M, 0.9 M and 1 M for DA and DB
white dwarfs as shown in Figure 4.9 (Bergeron et al., 1995; Fontaine et al., 2001; Holberg &
Bergeron, 2006; Kowalski & Saumon, 2006; Bergeron et al., 2011; Tremblay et al., 2011; Blouin
et al., 2018). The chosen models cover the mean DA and DB white dwarf mass of 0.613 M
and 0.67 M, respectively (Tremblay et al., 2011; Bergeron et al., 2011). We discarded the white
dwarfs whose position in the color-magnitude diagram indicates they have a mass < 0.5 M, or
> 1.1 M, and also white dwarfs with GBP − GRP > 0.9 (See Section 4.4). In total we discarded 9
white dwarfs and they are shown in Figure 4.9 as red empty circles.
For the remaining 21 white dwarfs we used wdwarfdate with the Bayesian method to esti-
mate their age. As we do not have spectra, we assumed they are all DA white dwarfs. Given that
most white dwarfs are DA (∼ 75%) this is a good assumption (Fontaine et al., 2001; Gentile Fusillo
et al., 2015). We also assumed Fe/H = 0 and v/vcrit = 0.0, and we used the Cummings et al. (2018)
MIST-based IFMR. The Gaia source id of the white dwarfs, the effective temperatures and surface
gravity from Gentile Fusillo et al. (2019), and the parameters estimated with wdwarfdate are in
Table 4.3. The reported values are the median, the median minus the 16th percentile and the 84th
percentile minus the median as the uncertainty. We also calculated these white dwarf ages using
the Marigo et al. (2020) IFMR and found equivalent results. We note that all of the 21 pairs of
Teff and logg are between the range of the models included in wdwarfdate. In addition, all the
estimated final masses are in the range in which our code works best (0.5 − 1.1 M). Therefore,
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Figure 4.9 Color-magnitude diagram for the 30 white dwarf which are candidate wide co-movers
with an M dwarfs




















Notes: We show as red empty circles the white dwarfs which were discarded because they are outside the ranges of
parameters for which wdwarfdate works best: 0.5 M<mf < 1.1 M, and also white dwarfs with GBP −GRP < 0.9
(see Section 4.4). We estimated the parameters of the white dwarf and the progenitor star for the 21 objects marked
with a black circle. We also show the models of constant mass 0.5 M, 0.7 M, 0.9 M and 1 M for DA and DB
white dwarfs.
we are in the optimal region of the parameters to use wdwarfdate. As the Teff and logg were
estimated from photometry, they are likely to not be as precise as data coming from a spectrum,
which would reduce the uncertainties in the cooling age and final mass. However, when comparing
the uncertainties in the different parameters, we note that the biggest source of uncertainty for the
total age comes from the initial mass and main sequence age, as expected. We also note that the
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estimated total ages are intermediate ages, and therefore the median values are likely to differ from
the true ages by ∼ 1 Gyr, and therefore included in the estimated uncertainties (See Section 4.5).
Table 4.3 WD sample.
ttot(Gyr) Gaia DR2 source id Teff log(g) tms(Gyr) tcool(Gyr) mi(M) mf(M)



















































































































































































































In this work we presented wdwarfdate, an open source Python package which estimates
ages of white dwarfs in a Bayesian framework from an effective temperature, a surface gravity
and spectral type, assuming single star evolution. We described the Bayesian method included
in wdwarfdate, which estimates the posterior PDF for: the mass and cooling age of the white
dwarf, the mass and main sequence age of the progenitor star and the total age. The Bayesian
method uses a faster method called the fast-test method to obtain the initial values for the sampling.
We compared the parameters estimated with both methods to the calculations in Cummings et al.
(2018) for a sample of white dwarfs from clusters, and we found that both methods have good
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agreement with their results. However the fast-test method tends to underestimate the uncertainties
and is less precise than the Bayesian method. The latter method has a better treatment of the
uncertainties and it includes an extra parameter, ∆m, to take into account the scatter in the IFMR.
We made a detailed analysis of the caveats which need to be taken into account when using
wdwarfdate. In summary, our code works best for DA and DB white dwarfs, in the range
Teff = 2,500 − 150,000 K and logg = 7.0 − 9.0, and Teff = 3,250 − 150,000 K and logg = 7.0 − 9.0
respectively. The cooling models assume a C/O core, which restricts the mass of the white dwarf
for which the code works to 0.45 − 1.1 M, but with a detailed analysis of low-mass objects we
adjusted this limit to 0.5−1.1 M. We also recommend a color range between −0.5<GBP −GRP .
0.9 to avoid contamination objects such as non-white dwarfs or unresolved binaries. To model the
stellar evolution of the progenitor star, we included in wdwarfdate the MIST isochrones with:
Fe/H = {−4,−1,0,0.5}, α/Fe = 0, and v/vcrit = {0.0,0.4}. Last, for the IFMR which indicates the
relation between the mass of the white dwarf and the progenitor star we included the IFMR from
Marigo et al. (2020), Cummings et al. (2018), Salaris et al. (2009) and Williams et al. (2009).
To test wdwarfdate we run the white dwarfs from Cummings et al. (2018), Canton et al.
(2021) and from the MWDD and compared the results. In general we found good agreement
between the parameters estimated with our code and their results. Most of the deviations happened
for low-mass white dwarfs (< 5 M). By comparing the estimated total age with the known
total age for the white dwarfs from Cummings et al. (2018) which are members of clusters, we
found that for young objects (< 1 Gyr) the difference between the true age and the median of the
age posterior PDF is ∆ttot = 0.06+0.48−0.06 Gyr, for intermediate age objects (1 Gyr < ttot < 2.5 Gyr)
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is ∆ttot = 0.82± 0.53 Gyr, and for the old cluster of 12 Gyr it is ∆ttot = 5.9± 1 Gyr. Therefore,
the precision of the total age decreases for older stars. However, we did find that for 85% of the
objects, the true age was within 1σ of the estimated uncertainty. We found similar results for the
white dwarfs from Canton et al. (2021), which are members of M67, which is ∼ 3.5 Gyr.
Finally we used wdwarfdate to estimate the ages of a set of 21 white dwarfs which are
candidate co-movers with M dwarfs (Kiman et al., 2021). We used the position in the color-
magnitude diagram to discard the white dwarfs which are likely to have a bad estimation of the age
due to the limits of the models.
In future work we plan to include the estimation of Teff and logg from photometry in
wdwarfdate. In addition, although Gaia has incremented the number of known white dwarfs
by a factor of 10, we still need more white dwarfs which belong to known clusters with spectra to
improve the calibration of the IFMR which is a key step in the estimation of total ages for white
dwarfs.
To learn about how to use wdwarfdate, check out the online documentation67.
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emcee (Foreman-Mackey et al., 2013); scipy (Virtanen et al., 2020); numpy (Oliphant,
2006; Van Der Walt et al., 2011); matplotlib (Hunter, 2007); astropy (Astropy Collabora-
tion et al., 2013b, 2018)
Chapter 5
mdwarfdate: A Bayesian Approach to
Calculating M Dwarf Ages.
Come on, Ross, you’re a paleontologist.
Dig a little deeper.
Friends
This chapter is being prepared to be published, and it is going to be submitted to The Astro-
nomical Journal around December 2021. This work was done in collaboration with Dr. Jacqueline
K. Faherty, Prof. Kelle L. Cruz, Dr. Ruth Angus, and Mark Popinchalk.
5.1 Abstract
We present a method to estimate M dwarf ages which combines measurements of the Hα
emission line –magnetic activity and age indicator– and 3D velocities –another age indicator– in a
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Bayesian framework. This method is available in the open source Python package mdwarfdate.
We test our method on simulated data and M dwarfs with known age. In addition we estimate ages
for two big samples of M dwarfs, and use these samples to study the evolution of fractional Hα
luminosity and rotation period with age.
5.2 Introduction
Our current understanding of M dwarf evolution indicates that estimating an age from only one
parameter might result in imprecise values. The best calibrated age indicators, such as magnetic
activity indicators (X-ray, UV and Hα luminosity) have a functional form which is not optimal to
estimate ages: at young ages M dwarfs present a saturated regime, and then their magnetic activity
declines in a short amount of time (e.g., Booth et al., 2017; Schneider & Shkolnik, 2018; Kiman
et al., 2021). The relation between rotation period, age and mass, or gyrochronology relation, is a
powerful tool for higher mass stars like G and K dwarfs (e.g., Angus et al., 2015; Van Saders et al.,
2016), because there is a tight correlation between a stellar age and its rotation period. However,
we currently do not have a gyrochronology relation for M dwarfs.
In this work we present a method to estimate M dwarf ages, which combines in a Bayesian
framework 3D velocities and the magnetic activity indicator Hα to estimate a probability distribu-
tion function for the age of a given star. This method is available to implement with the Python
package mdwarfdate. In Section 5.3 we describe the models for the evolution of 3D velocities
and Hα with age that go into mdwarfdate to estimate ages, which are based in previous works
(Yu & Liu, 2018; Kiman et al., 2021). In Section 5.4 we describe how we included the models
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discussed in the previous section into the likelihood of the problem, and the priors which together
form the age posterior distributions. We also discuss how mdwarfdate samples this posterior. In
Section 5.5, we test mdwarfdate on simulated data and calibrate the precision of the age estima-
tion. In Section 5.6 we performed another test by estimating ages of 41 M dwarfs with known age
(Cantat-Gaudin et al., 2018; Kiman et al., 2021), and compare the results. In Section 5.7, we use
mdwarfdate to estimate ages for 13,166 M dwarfs from two big samples (Newton et al., 2017;
Kiman et al., 2019), with measurements of Hα and 3D kinematics, and some rotation periods (81
stars). We use this sample to study fractional Hα luminosity (LHα/Lbol) and rotation period as a
function of age. Finally, in Section 5.8 we summarize the conclusions.
5.3 Modeling M dwarf evolution
In order to estimate M dwarf ages from measured parameters, we need empirically calibrated
age-relations. The two age-indicators we used in this study are the magnetic activity indicator Hα
emission line (e.g., West et al., 2011; Schmidt et al., 2015; Kiman et al., 2019) and 3D velocities
(e.g., Wielen, 1977; Hänninen & Flynn, 2002; Faherty et al., 2009; Mackereth et al., 2019). Below
we describe the age-relations we used for these two age-indicators.
Kiman et al. (2021) compiled a sample of 892 M dwarfs with known ages from young asso-
ciations and from white dwarf co-movers. This sample contains Hα equivalent width (HαEW)
measurements from the literature and it was cross-matched with Gaia DR2 (Gaia Collaboration
et al., 2016, 2018b) to obtain precise proper motions, parallaxes and photometry. They found that
magnetic activity indicated by Hα for M dwarfs decreases progressively with time, and that the
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stars become inactive for an age > 776 Myr. They also fit the relation between LHα/Lbol and age
up to 776 Myr. Thus, this fit to the relation between LHα/Lbol and age is not useful to estimate ages
older than 1 Gyr, and we decided not to implement it in our method.
Kiman et al. (2021) also studied the active fraction as a function of color and of age. They
defined a limit between active and inactive M dwarfs according to HαEW and the Gaia DR2
color (G − GRP), which is approximately HαEW∼ 0.75 . With this classification, they estimated
the fraction of active stars per color and age bin. West et al. (2008b) did a similar analysis and
showed that the active lifetime of M dwarfs depends on mass, where lower mass stars stay active
longer. This makes the active fraction increase as a function of color. Kiman et al. (2021) showed
that the active fraction also decreases with age for M dwarfs. For our study, we used the sample
of M dwarfs with known ages from Kiman et al. (2021) to analyze the relation between active
fraction, age and color in more detail. As shown in Figure 5.1, we found that the evolution of
active fraction as a function of age can be described as
aHα = exp(−t/t0) (5.1)
where aHα is the active fraction, t is the age of the star, and t0 can be interpreted as the characteristic
active lifetime, which depends on spectral type. We fit the data to obtain t0 for each spectral type.
Given that the spectral type for 6% of the Kiman et al. (2021) sample was obtained from the
(G−GRP) color, they are approximations of the real spectral type. Therefore we decided to vary the
spectral type bin size to calculate t0, and define the final t0 as the median of the repetitions. The bin
was centered at the wanted spectral type with a width δ, where δ = 1−1.6. The obtained t0 for each
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spectral type are displayed in Figure 5.1, and summarized in Table 5.1. We included in the figure
the different fits for t0 corresponding to different bin sizes. The size of each point is proportional
to the amount of stars used to calculate the active fraction. We only calculated the active fraction
for the bins which had more than 3 stars. We found that t0 increases with decreasing mass, which
agrees with the conclusion from West et al. (2008b) that late-type M dwarfs stay active longer than
early-type.
The parametrization of the active fraction as a function of age in Equation 5.1, simplifies using
Hα as a parameter of the model to estimate M dwarf ages. This equation gives the probability for
a star to be active as a function of age, and allows us to avoid the issue that we do not know how
the LHα/Lbol evolves with age after 776 Myr. In Section 5.4 we will describe how we included
Equation 5.1 in the mathematical expression of the model.
The fit of the active fraction as a function of age in Figure 5.1 shows a good agreement between
data and model. However, we note that the t0 for M4 stars gives a value of 31.15 Gyr, which seems
nonphysical. In addition, there were not enough M dwarf calibrators of spectral type M4 older than
1 Gyr to calculate the active fraction. Thus we do not count with enough information to perform
a precise fit for t0 for M4 stars. We decided to test the t0 we obtained for M0 − 4 comparing the
curve of active fraction as a function of color for field stars with simulated data (West et al., 2008b;
Schmidt et al., 2015; Kiman et al., 2021). To simulate the active fraction for each spectral type, first
we assumed a star formation history (SFH) to simulate a distribution of stellar ages. Then we used
the obtained t0 from the fit in Figure 5.1 to randomly assign a 1 or a 0 to each star to indicate they
were active or inactive respectively, with a probability given by Equation 5.1. With this simulated
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Figure 5.1 Active fraction as a function of age for M0−4 calculated from the M dwarfs with known
age from Kiman et al. (2021).















M0, t0 = 0.48 Gyr
M1, t0 = 0.5 Gyr
M2, t0 = 0.99 Gyr
M3, t0 = 2.69 Gyr






Notes: We fit the data for each spectral type using Equation 5.1. We vary the spectral type bin size to calculate t0,
and define the final t0 as the median of the repetitions. The bin was centered at the wanted spectral type with a width
δ, where δ = 1 − 1.6. We show in the figure the fits for the different bin sizes. The size of each point is proportional
to the amount of stars used to calculate the active fraction. We did not calculate the active fraction for bins with less
than three stars. We find that the active fraction decreases exponentially with the age of the star. This decline of the
active fraction is described with a characteristic active time t0 which we fit for each spectral type, and we found that it
increases with decreasing mass.
data we could estimate the active fraction for each spectral type. We note that in this simulation the
active fraction is highly dependent on the SFH. Therefore we used two different SFH to compare
the results: a uniform distribution and an exponential distribution. The exponential distribution for
the SFH was found by previous studies to be representative of the history of the Galaxy (Burgasser
et al., 2015), and we added a uniform distribution to compare the influence of the SFH in our
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results. The results for the simulated active fraction for the two SFH, compared to the measured
data are shown in Figure 5.2. When using a uniform distribution for the SFH, the simulated values
for the active fraction are close to the field values for M0 and M1, but they are higher than the
field values for later types. This means that for M2 and later types, there are more active stars in
the spectral type bin than in the real field population of stars. With a fixed t0, this could happen if
there are more young simulated stars than in a real population of stars. When using an exponential
distribution as SFH, the estimated values for M2 and M3 agree with the field value. However M4
still does not work. In the exponential case, the SFH is more realistic, describing a Galaxy which is
currently not forming as many stars as before, therefore the number of young stars in each spectral
type bin is smaller, making the active fraction smaller. This correction makes the active fraction
for M2 and M3 reproduce the real value. The fact that the active fraction for M4 is still not correct
indicates that the t0 calculated for this spectral type is actually smaller, which would increase the
number of inactive stars. We note that the correction between the exponential and uniform SFH
is small in comparison to the effect of the t0. In conclusion, under the assumption that we are
using an approximately correct SFH and that the active fraction decreases in the same way for all
Ms (Equation 5.1), this result indicates that the t0 we estimated for M0 − M3 dwarfs are close to
the true values. However for M4 the estimated t0 is higher that the true value, which makes the
simulated active fraction significantly higher than the field value.
The second parameter we included in the method to estimate M dwarf ages is the 3D velocities.
The kinematic heating relation indicates that the dispersion of the 3D velocities increases with age,
given that some stars interact with giant molecular clouds (GMC) and/or the spiral arms of the
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Figure 5.2 Simulated active fraction to test t0.
























Notes: Using the fit to the active fraction as a function of time for spectral types M0 − M4 from Equation 5.1, we
simulated the active fraction of a field population of stars and compared it to the measured data (Kiman et al., 2021).
We used two different star formation history to simulate the data: an exponential and a uniform distribution. We
found that the uniform distribution only reproduces the active fraction of M0 − M1, and the exponential distribution
reproduces M0 − M3. However we were not able to reproduce the active fraction for M4. We concluded that the t0
estimated for M0−M3 stars are close to the real values while the t0 estimated for M4 stars is higher than the true value.
Milky Way, making them separate from the plane of the Galaxy. This relation has been studied
and calibrated in previous works (e.g., Wielen, 1977; Hänninen & Flynn, 2002; Yu & Liu, 2018;
Mackereth et al., 2019). These kinematic relations with age have been studied mostly for higher
mass stars. In this work we will assume that these relations are valid for low-mass stars, given that
there has not been previous evidence of a mass-dependent heating for M dwarfs (Faherty et al.,
2009; Newton et al., 2016; Angus et al., 2020).
It has been shown that the vertical component of the 3D velocity of a star is mostly affected by
molecular clouds while the radial component is affected by the spiral arms of the Galaxy (Spitzer,
Lyman & Schwarzschild, 1951, 1953; Barbanis & Woltjer, 1967; Jenkins & Binney, 1990). We
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decided to include vertical and radial velocity as age indicators in our method, and use them as
independent parameters given that the physical processes that affect them the most are different.
This is an approximation to simplify the problem, and we plan to include the correlation between
the two parameters in future work. To model the velocity dispersion as a function of age, we
assumed the kinematic heating relation obtained by Yu & Liu (2018). They used a sample of
sub-giant branch and low red giant branch stars from the The Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST, Cui et al., 2012; Liu et al., 2014) survey to calculate the
velocity dispersion as a function of age for the three components of the galactic velocity (VR, VZ
and VT). By fitting their data, we found for the solar vicinity ([Fe/H]> −0.2 dex and |z|< 270 pc):
logσt,VZ = (0.54±0.09) log t + (1.90±0.15)
logσt,VR = (0.45±0.07) log t + (2.9±0.1)
(5.2)
where σt,VZ and σt,VR are the velocity dispersion in km/s for the vertical and radial velocity compo-
nents respectively, and t is the age of the star in Gyr. These results agree with the values found by
Mackereth et al. (2019). Studying the kinematic heating in the solar vicinity is a good approxima-
tion for M dwarfs because these stars are faint and we normally cannot see them further away that
1 kpc. The summary of the parameters of the models we used are in Table 5.1.
Table 5.1 Model parameters.
Parameter Value
t0 for M0 0.48 Gyr
t0 for M1 0.5 Gyr
t0 for M2 0.99 Gyr
t0 for M3 2.69 Gyr
aZ 0.54±0.09
bZ 1.90±0.15




As we discussed in Section 5.2, estimating M dwarf ages with a single age indicator can result
in imprecise ages. Consequently in this work we developed a method to estimate one age from two
age indicators –Hα and 3D kinematics– in a Bayesian framework. We will show in Section 5.5
that combining more than one age indicator improves the precision of the age estimation. The
models used for each parameter were described in Section 5.3. In this section we describe the
method to obtain an age probability density function (PDF) for each star from these models. For
the parameters included in this work, the posterior PDF can be written as
p(t|VZ,VR,aHα,α) (5.3)
where t is the age of the star in Gyr, α = {t0,aZ,bZ,aR,bR} are the parameters of the models (see
Section 5.3), VZ and VR are the measured velocities, and aHα is 1 or 0 depending if the star is active
or inactive according to Hα, respectively. The posterior PDF in Equation 5.3 can be re-written
using Bayes theorem like
p(VZ,VR,aHα|t,α)p(t)p(α) (5.4)
where p(t) and p(α) are priors on the age and parameters of the model, and p(VZ,VR,aHα|t,α) is
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the likelihood. We used a flat prior on the age, constraining it to be between 0 − 15 Gyr. This prior
allows ages bigger than the current age of the Universe to avoid cutting the PDF with a strict prior.
The prior on the model parameters, p(α) indicates that these parameters are fixed with the values
indicated in Table 5.1. The likelihood in Equation 5.4 can be written in three parts, assuming that
the VZ, VR and aHα are independent
p(VZ,VR,aHα|t,α)∝ p(VZ|t,aZ,bZ)p(VR|t,aR,bR)p(aHα|t, t0). (5.5)
Magnetic activity and 3D kinematics are correlated because they are both related to age (e.g.,
West et al., 2011; Kiman et al., 2019). However, these two parameters are generated by different
physical mechanisms: decrease of magnetic activity is generated by spin down of rotation periods,
and kinematic heating of the 3D velocities are due to the interaction with GMC and spiral arms.
Therefore it is ok to assume they are independent. As for VZ and VR, we decided to treat them as
independent as we discussed in Section 5.3. The PDF of the parts of the likelihood for the two
velocities in Equation 5.5, are a Gaussian centered at 0 with a standard deviation given by the error
in the velocity measurements (σVZ and σVR) and a term which increases with the age of the star
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where
σt,VZ = exp(aZ log t + bZ)
σt,VR = exp(aR log t + bR).
(5.7)
The parameters of these relation are summarized in Table 5.1. The PDF for the part of the like-
lihood of the magnetic activity in Equation 5.5 is given by the decreasing exponential in Equa-

















if aHα = 0
(5.8)
where t0 depends on the spectral type of the star. We note that even though we did not include color
or spectral type explicitly in the model, the age inference is done for each spectral type separately
because the value of the t0 is different. The probabilistic graphical model (PGM) in Figure 5.3
summarizes the model we used to infer M dwarf ages from 3D kinematics and magnetic activity
indicated by Hα emission. This PGM was made using the Python package daft1.
To implement the method described above we developed mdwarfdate. It is an open source
Python package which estimates ages of M dwarfs by sampling the posterior PDF in Equation 5.3
using pymc3 (Salvatier et al., 2016).
1https://docs.daft-pgm.org/en/latest/
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Notes: Probabilistic graphical model (PGM) describing the likelihood implemented in mdwarfdate to estimate
M dwarf ages from kinematics (VZ and VR) and magnetic activity indicated by Hα (aHα). The measured values are
indicated with a double circle. The priors on the parameters are shown with a filled small black circle, which indicates
that the parameters of the models are fixed. VZ and VR represent the modeled velocities which are compared to the true
velocities to estimate an age, which is the output of the model for each given star. This process is repeated for each
star and each spectral type, changing the value of t0.
5.5 Tests with simulated data
In order to test the method implemented in mdwarfdate to estimate M dwarf ages described
in Section 5.4, we simulated data to analyze its capabilities and limitations. We generated a uni-
form random distribution of 1,000 stellar ages between 0 − 13.8 Gyr, and calculated 3D velocities
using the kinematic heating relation from Yu & Liu (2018), shown in Equation 5.2. We also as-
signed a classification of active and inactive according to Hα using the probability in Equation 5.1,
assuming t0 = 2.69 Gyr, meaning that the simulated stars are of spectral type M3. Using the sim-
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ulated data, we run mdwarfdate to estimate ages from the 3D velocities and magnetic activity
according to Hα. We also estimated ages using only kinematics to compare the results.
We compared the estimated age versus the true age for the simulated data in Figure 5.4. In
the left panel we show the estimated ages using only 3D velocities, and in the right panel using
3D velocities and Hα. We included in the figures a dashed black line to highlight 1 Gyr for the
true age and the estimated age. It is worth noticing that from running mdwarfdate on a star
we obtain a complete PDF for the age, as shown in Figure 5.5 where we show an example of the
obtained PDF for three different ages. Therefore obtaining a single value to report from that PDF
is not trivial. The distributions we obtain with our method are usually not Gaussian, as shown in
Figure 5.5. Therefore, estimating a median and standard deviation are not a valid estimation of the
age of the star. We decided to report the mode of the age PDF as the estimated age of the star and
the difference between the mode and the 16th, and 84th percentiles as lower and higher uncertainty
respectively. We discuss this topic further in Section 5.7.2.
By studying the difference between the estimated age and the true age in Figure 5.4, we found
that 84% of the stars which are < 1 Gyr, had an estimated age < 1 Gyr when we used Hα and
kinematics, and 79% using only kinematics. We also found that only 7% of the stars which have
> 1 Gyr, had and estimated age < 1 Gyr when using Hα and kinematics and 13% with only kine-
matics. In conclusion, a multi parameter approach to the age estimation shows an appreciable
improvement. We also note that the method combining kinematics and Hα is doing a good job
distinguishing between stars older and younger than 1 Gyr, with only a 7% contamination for older
stars.
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Figure 5.4 Test mdwarfdate comparing estimated age to simulated data.
Notes: We compared the estimated age for a sample of simulated M3 using mdwarfdate and their simulated age.
The estimated age was calculated with the highest likelihood age value. We estimated ages using only kinematics
shown in the left panel, and using kinematics and Hα in the right panel. We found that when combining kinematics
and Hα in the method, we are less likely to estimate an age younger than 1 Gyr when the star is older. The dashed
black lines indicate 1 Gyr for the true age (vertical line) and estimated age (horizontal line). We also included the
one-to-one line. For typical errors see Figure 5.5.
Figure 5.4 shows that mdwarfdate can retrieve ages from 3D velocities and Hα. We show
examples of the PDFs obtained for three different simulated stars with different ages: 1.63 Gyr,
6.78 Gyr and 10.1 Gyr, in Figure 5.5. We included the PDFs calculated using only kinematics and
using kinematics and Hα. For the star of 1.63 Gyr we can see clearly that including Hα improves
the precision of the age estimation. This also happens in the case of the star with 6.78 Gyr, though
the resulting age is not well constrained, even including Hα. Finally for the oldest star, there is
little change by including Hα. This effect is mostly due to the fact that the Hα is more informative
about the age when the star is young, or more precisely, younger than the value of t0 for the spectral
type.
To study the precision of the age estimation in more detail, we show normalized histograms
of the absolute value of the difference between the estimated and simulated age in Figure 5.6.
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Figure 5.5 Example PDFs for three different simulated stars with different ages: 1.63 Gyr,
6.78 Gyr and 10.1 Gyr.
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Notes: We included in orange the PDF estimated using only kinematics, and in purple using kinematics and Hα. We
found that Hα is more informative about the age for younger stars, or more precisely, younger than the t0 for the
spectral type, which in this case is t0 = 2.69 Gyr.
In orange we show the distribution for estimated ages using only kinematics, and in purple for
estimated ages using kinematics and Hα. We calculated the difference between estimated and true
age for three age ranges which we divided in three panels: younger than 1 Gyr, between 1 − 5 Gyr
and older than 5 Gyr. We calculated the median of the distribution for the difference between the
estimated age and the true age for the three panels. We found that for ages < 1 Gyr the median
difference using only the 3D velocities was 1.5+5.7
−1.3 Gyr, for 1 < age< 5 Gyr it was 2.8
+5.1
−2.1 Gyr,
and for ages > 5 Gyr it was 3.3+3.4
−2.3 Gyr. The uncertainties were calculated with the 16
th and 84th
percentiles of the distribution. There is an increase of approximately one Gyr between each age
bin, which indicates the age estimation using only kinematics becomes less precise for older ages.
We then estimated the median of the difference between the estimated age and the true age for
the case where ages were estimated using kinematics combined with Hα. We found that for ages
< 1 Gyr the median of the difference was 0.7+2.9
−0.5 Gyr, for 1 < age< 5 Gyr it was 2.6
+5.1
−1.9 Gyr, and
for ages > 5 Gyr it was 3+3.2
−2.1 Gyr. We note that there is a one Gyr improvement in the median
CHAPTER 5. M DWARFS AGES 180
for the youngest age bin, and a smaller improvement for the others, in comparison with the age
estimation using only kinematics. We also note that uncertainties are also smaller for the younger
stars when including Hα in the method. However, the age estimation combining kinematics and
Hα is still less precise for older ages. This result is in agreement to what we discussed with the
example PDFs in Figure 5.5. In conclusion, what we interpret from this results is that Hα is more
informative about the age of the star for young ages. However, it does provide information about
the age for older stars and that is why we see an improvement, but when the star is inactive it is
harder to constrain the age using Hα.
Figure 5.6 Normalized histogram of the absolute value for the difference between estimated age
and true age for simulated data.
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True Age < 1 Gyr
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Notes: We show in purple the estimated ages with kinematic and Hα, and in orange with only kinematics. We divided
the data in three panels according to age, from left to right: younger than 1 Gyr, between 1−5 Gyr and older than 5 Gyr.
We found that the precision of the estimation decreases for older ages, and it improves when combining kinematics
and Hα.
5.6 Comparison to stars of known age
In order to test our age estimations with real data, we compared the results from applying
mdwarfdate to the sample of M dwarfs with known ages. Given that we need radial velocities to
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calculate 3D velocities to run mdwarfdate, we looked for calibrators from the samples Newton
et al. (2017) and Kiman et al. (2019), which both have radial velocities and Hα measurements, as
we will discuss in Section 5.7.1. We found 37 stars from these samples in Kiman et al. (2021)
which belong to a moving group with an age < 1 Gyr, plus 1 star from NGC 2158 which is 2±
0.3 Gyr (Cantat-Gaudin et al., 2018). Kiman et al. (2021) compiled a sample of 892 M dwarfs with
known ages from two sources: young associations and white dwarf co-movers, using Gaia DR2.
Therefore instead of using the M dwarf-white dwarfs co-movers in their study, we re-did the search
for co-movers using Gaia EDR3 (Gaia Collaboration et al., 2016; Brown et al., 2021). We refer
to Kiman et al. (2021) for details on the method for the search of co-movers and the calculation
of white dwarf ages. The accuracy of the parallaxes improved by a factor of 1.5 from Gaia DR2
to EDR3. This improvement discarded ∼ 10 out of the 21 co-movers identified by Kiman et al.
(2021) from the samples Newton et al. (2017) and Kiman et al. (2019), and included 3 new pairs.
From these pairs, for inactive M dwarfs we required that the cooling age of the white dwarf divided
the main sequence age of the progenitor star to be bigger than 1.5. Inactive M dwarfs are the older
stars in the sample, which makes the uncertainty of the total age bigger. To reduce this uncertainty
we kept only stars with cooling age larger than main sequence age, because as the cooling age has
smaller uncertainties, the total age is better constrained. The final sample of M dwarfs with known
ages was composed of 38 stars from associations and 3 co-moving with a white dwarf.
The age PDFs obtained with mdwarfdate compared to the known age of the star are shown
in Figure 5.7. We divided the stars in different panels according to their spectral type and age.
This means that the PDF of stars of the same spectral type and same age are shown in the sample
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panel. We found good agreement for M dwarfs with age < 1 Gyr and intermediate age (1 − 2 Gyr).
Older stars show a less constrained age and the age estimation is less precise. However, the age
distributions include the true age of the star, even for old stars, which indicates that the method is
working but it need more age indicators to estimate a more precise age.These results agree with
our analysis with simulated data (see Section 5.5).
We analyzed in detailed some of the stars which have the widest age distributions. The
PDF of one of the two M3 stars with an age of 0.65 Gyr it is not well constrained: 2MASS
J08403106+1825562. This is a well studied star which is member of the Praesepe cluster (e.g.,
Kraus & Hillenbrand, 2007; Gagné et al., 2018c). Therefore we trust the known age. The age
PDF of this star is not precise because this object is marked as inactive according to Hα, which
increases the probability of the star being old. In addition its galactic radial velocity is rather large
(35 km/s), which also increases the probability of the star being old. However, the age PDF for
this star does not discard its true age. The same happens to the M3 of 1.775 Gyr old, 2MASS
J08214548+2456562. However, in this case the age is coming from a white dwarf co-mover. Thus
the difference between the estimated age and the true age could be due to a chance alignment with
the white dwarf. Radial velocities for both objects are necessary to test if they are really co-moving
or if it is a chance alignment. This white dwarf has a literature radial velocity of 291.3±36.9 km/s
(Anguiano et al., 2017), which does not agree with the M dwarf velocity of 77.9±3.9 km/s. There-
fore this is likely a chance alignment. We checked the other two M dwarfs co-moving with a white
dwarf, and either we did not find disagreement between the radial velocities or it was not available.
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Notes: We estimated ages using mdwarfdate for a sample of 41 M dwarfs with known ages from Kiman et al.
(2021). We divided the stars in different panels according to their age and spectral type. We also color-coded the
distribution according to the number of calibrators that were used to estimate the age. The small number at the bottom
of each plot shows an average of the number of calibrators used for the stars in that panel. The black vertical line
shows the true age of the M dwarf. We found good agreement between the estimated distributions and the true age.
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5.7 Estimation of new M dwarf ages
After studying the results of using mdwarfdate on simulated data and M dwarfs of known
age, and concluding that our code is able to recover ages of M dwarfs, we applied the method on
real data. In this section we describe the sample for which we estimated ages, and we use this
sample to study the evolution of LHα/Lbol and rotation period with age for M dwarfs.
5.7.1 The sample
The samples of M and L dwarfs from Newton et al. (2016, 2017) and Kiman et al. (2019)
contain 971 and 74,216 stars respectively, with Hα equivalent width (HαEW) measurements and
radial velocities (West et al., 2011; Schmidt et al., 2015; Newton et al., 2016), that make them
the ideal sample to apply our method to estimate ages. The stars from Newton et al. (2017) also
have rotation period measurements from the MEarth Project (Berta et al., 2012; Irwin et al., 2015),
therefore only a small part of our sample has rotation periods (Newton et al., 2016). The HαEW for
Kiman et al. (2019) were measured from low-resolution spectra (R∼ 2000) from the Sloan Digital
Sky Survey (SDSS, York et al., 2000; Abazajian et al., 2009; Eisenstein et al., 2011; Dawson et al.,
2013; Ahn et al., 2014b; Alam et al., 2015) We cross-matched these two samples with Gaia EDR3,
using a 3 " radius with TOPCAT (Taylor, 2005), and found 72,900 matches. The distribution per
spectral type of the sample is shown in gray in Figure 5.8.
We calculated the galactic velocities VR, VZ and VT using the precise proper motions and par-
allaxes from Gaia EDR3 and radial velocities from the samples. To calculate these velocities we
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used the Python package galpy2 (Binney, 2012; Bovy & Rix, 2013; Bovy, 2015) and W. Trick’s
code3, which uses the Milky Way potential from Bovy (2015). We estimated the uncertainties on
these values using a Monte Carlo propagator of uncertainties.
To ensure a robust astrometric sample of 3D velocities we applied several quality cuts. We
applied a parallax SNR cut (SNR > 8) and were left with 40,159 stars (black dashed line in
Figure 5.8). We also applied a SNR cut on radial velocities (SNR > 2), after which we had
13,300 stars (black dotted line). In addition, we removed the outliers of the 3D velocities by
removing the tails of the distributions. This means that we removed 86 stars that had velocities with
absolute value bigger than 200 km/s. Last, we applied a cut in spectral type, to keep only M dwarfs,
which removed 48 stars. We were left with 13,166 M dwarfs, shown in blue in Figure 5.8. The
number of stars per spectral type and the summary of how many of those have 3D kinematics, Hα
measurements and rotation periods is in Table 5.2.
Table 5.2 Summary of parameters in the sample.
SpT Total 3D kinematics Hα Prot
All=13166
M0 1410 1410 1397 0
M1 1160 1160 1147 1
M2 2238 2238 2194 0
M3 2748 2748 2660 18
M4 2029 2029 1889 41
M5 872 872 797 13
M6 1279 1279 924 3
M7 892 892 892 4
M8 398 398 398 1
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Figure 5.8 Spectral type distribution of the sample for which we estimated ages.














Notes: The sample is a combination of two catalogs of M dwarfs (Newton et al., 2017; Kiman et al., 2019), which
we cross-matched with Gaia EDR3. The gray histogram represents the matches we found. We applied several cuts to
keep the best 3D kinematics: parallax SNR > 8 shown in a black dashed line and radial velocity SNR > 2 shown in
a dotted black line. We also removed the tails of the distribution of the velocities by keeping velocities with absolute
value < 200 km/s. The final histogram of the sample with the applied cuts is shown in blue.
5.7.2 Parameters as a function of age
We estimated ages using mdwarfdate for the complete sample described in Section 5.7.1. As
mentioned before, the stars in this sample have 3D velocity, LHα/Lbol measurements and rotation
periods. The distribution of number of parameters per spectral type is shown in Table 5.2. For
spectral types M0 − M3 we used both Hα and 3D kinematics to estimate ages. But for spectral
types M4 or later we just used kinematics given that we were not able to estimate a t0 to model the
active fraction as a function of age from data (Figure 5.1). Using these estimated ages we studied
the available parameters as a function of age.
As shown in the previous section, the age PDF calculated with mdwarfdate tends to be non-
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Gaussian distributions with long tails (Figure 5.7). This means that if we calculate the median, it
will not agree with the age that has the highest probability in the distribution. Thus, if we use the
median and standard deviation of the distribution as age and uncertainty of the star, it would not
reflect the shape of the distribution. Therefore we decided to use the mode as the value for the age,
and the difference between the mode and the 16th and 84th percentiles as uncertainty. This method
of estimating uncertainties provides an approximate idea of the width of the distribution. However,
it is important to not only look at these values, but also at the complete distribution.
Fractional Hα luminosity (LHα/Lbol)
We plotted LHα/Lbol for the stars in the sample described in Section 5.7.1 as a function of
the estimated ages in Figure 5.9. We included the value for t0 as a black vertical line, meaning
the characteristic value at which most of the stars become inactive. We divided the stars in four
panels for M0 − M3, the spectral types for which we were able to estimate a t0 from data (see
Figure 5.1). We also color-coded in black the active stars and in gray the inactive ones. We added
the fit to this relation done by Kiman et al. (2021) in purple, and we found that it agrees with the
data and our age estimations. As expected from our model, we can see there are two regimes:
active, with log10(LHα/Lbol)∼ −3.5, and inactive with log10(LHα/Lbol)∼ −5.5. This dual behaviour
is what makes it difficult to estimate an M dwarf age from its LHα/Lbol measurement alone. The
magnetic activity of an M dwarf will decrease with time, and most of the stars will become inactive
with a characteristic time t0, dependent on spectral type. However, there is not a clear transition
between active and inactive. Instead what can be said about this transition is that it will happen
at some particular age for each star around t0. Moreover, Figure 5.9 seems to indicate that the
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transition between active and inactive works more like a switch that turns on or off. There are
a few problems that could make the transition harder to observe in Figure 5.9. For example, the
measurements of LHα/Lbol were calculated from SDSS spectra which is low-resolution. Thus, we
might not be able to distinguish the transition, and high resolution spectra might be needed. In
addition, limited resolution in the spectra translates into a finite minimum HαEW value that we
can measure, which could explain why most inactive stars have an log10(LHα/Lbol) ∼ −5.5. Also
given that the Hα line is variable (Lee et al., 2010; Bell et al., 2012), and the classification in active
and inactive depends on a single measurement, it could cause noise in this classification. Thus, we
need longer monitoring of Hα to have a better idea of the transition between active and inactive
for the magnetic activity of the star.
In conclusion, M dwarfs have two regimes of magnetic activity according to our current low-
resolution sample of HαEW values: active and inactive. The value of LHα/Lbol is saturated around
log10(LHα/Lbol) ∼ −3.5 for the active regime, and around log10(LHα/Lbol) ∼ −5.5, or undetectable
for the inactive. The transition between the two regimes happens at different times for each indi-
vidual star, though it happens around a t0 value which depends on its spectral type. We currently do
not have enough information to distinguish how long this transition takes for a single star, though
our current data seems to indicate that it works like an on/off switch.
Rotation periods
A portion of the sample for which we estimated ages also has rotation period measurements
(Newton et al., 2017), which we show in Figure 5.10 as a function of the estimated ages. In this
case, the ages were estimated by calculating the logarithm of the complete PDF, and estimating the
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Figure 5.9 Measured LHα/Lbol for the sample of M dwarfs from Newton et al. (2017); Kiman et al.
(2019) as a function of the mode of the estimated age PDF using mdwarfdate.
Notes: We divided the M dwarfs in four panels according to their spectral type. We could only use Hα for spectral
types M3 and earlier, because we could not estimate t0 for later types. Active stars are shown in black, while inactive
stars in gray. We found that M dwarfs have two regimes of magnetic activity according to Hα: active and inactive, and
that the value of LHα/Lbol is saturated for the active regime, and undetectable for the inactive. The transition between
the two regimes happens at different times for each star, though it happens around a t0 value which depends its mass.
median of that distribution. The uncertainties were calculated with the 16th and 84th percentiles. We
show only up to spectral type M4 because the plot gets too busy. We note that M0 − M3 ages were
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estimated using Hα and kinematics, but M4 only with kinematics (see Section 5.6). The complete
age PDFs for the only M1, each M3 and M4 with rotation period are displayed in Appendix B.1.
We included in Figure 5.10 a sample of M3 and M4 dwarfs from young associations (Popinchalk
et al., 2021), to compare to our stars which are mostly of the same spectral types. We also included
a sketch based on Irwin et al. (2011) of and example of a fast-rotator sequence (in pink) and a
slow-rotator sequence (in blue), which we discuss below.
There are several points to discuss about Figure 5.10. The evolution of rotation periods can
be divided in two sequences of rotation period as a function of age: fast-rotator and slow-rotator
(Irwin et al., 2011). A star in the slow-rotator sequence has a slow initial rotation period which
depends on the formation conditions, which then spins up while the star contracts to get to the
main sequence, until magnetic braking kicks in and it starts spinning down and converges into a
sequence which spins down slowly with time, with a relation that depends on the mass of the star
(Bouvier et al., 2014). This relation is called gyrochronology. Solar-type stars converge into the
well behaved sequence at around 50 Myr. Therefore most of the solar-type stars found are going
to be in this sequence and the gyrochronology relation will provide a good age estimation. We
included in Figure 5.10 the gyrochronology relation obtained for G and K dwarfs, but using a
color corresponding to M dwarfs as a black line (Angus et al., 2015). A star in the fast-rotator
sequence has a faster initial rotation period, spins up while contracting and the spins down until it
converges to the slow-rotator sequence (Bouvier et al., 2014).
In Figure 5.10, we found that early spectral types<M3 seem to follow a slow-rotation sequence
similar to solar-type stars. This is expected given that early M dwarfs are partially convective like
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the Sun, for which this relation was calibrated (Bouvier et al., 2014). However later types seem to
follow a relation which spins down faster. In particular we included Proxima Centauri as a blue
five-point star. This is our closer star, which is an M5.5 and has a well calibrated age of 4.85 Gyr
from its solar-type co-movers, and a rotation period of 83.5 days (Demarque et al., 1986; Kiraga &
Stepien, 2007; Anglada-Escudé et al., 2016). This star deviates from the gyrochronology relation
for high-mass stars, and several of the M dwarfs from our sample seem to follow the trend marked
by it. Therefore, we could conclude that the slow-rotator sequence for M3 and later types seems to
show a faster spin down than higher mass stars. However, to calibrate a gyrochronology relation
for M dwarfs we need more data on long rotation periods (> 20 days).
There is a dual behaviour present in Figure 5.10: for the same age some M3-M4 stars seem to
be in the slow-rotator sequence, while other stars are in the fast-rotator sequence, even at old ages.
We checked these stars in the Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2015)
and were able to corroborate their rotation periods. We also investigated the astrometric solution
in Gaia EDR3 data looking for signatures of unresolved binaries which could cause the star to stay
with a fast rotation. We found evidence for some stars of being binaries, but not for all. The stars
with short rotation period and old ages (> 1 Gyr) could also be explained with late-type M dwarfs
having a longer fast-rotator stage as shown by the pink line in Figure 5.10 (Irwin et al., 2011).
We studied the estimation of ages using rotation periods for M dwarf in more detail using a
sample of these stars from young associations with measured rotation periods from Popinchalk
et al. (2021). These stars belong to the groups Hyades (0.75 Gyr) , Praesepe (0.65 Gyr), Pleiades
(0.112 Gyr), M34 (0.2 Gyr), Upper Scorpius (0.01 Gyr) and ρ Ophiuchi (0.002 Gyr). We use the
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Figure 5.10 Rotation periods from Newton et al. (2017) as a function of the estimated ages using
mdwarfdate.
Notes: We included Proxima Centauri, an M5.5 with well calibrated age and rotation period. We also show the
gryrochronology relation calibrated for G and K dwarfs from Angus et al. (2015). We also include a sample of M3
and M4 stars from young associations in gray (Popinchalk et al., 2021). We included a sketch based on Irwin et al.
(2011) of an example of a fast-rotator sequence (in pink) and a slow-rotator sequence (in blue). We found that early
type M dwarfs seem to follow the relation for higher mass stars, but Proxima Centauri and several of the late-type
M dwarfs in our sample deviate from it. This might indicate that the slow-rotator sequence for M dwarfs indicates that
they spin down faster than higher mass stars. We also found a group of late-type M dwarfs with small rotation periods
but old ages. This group of stars agrees with the fast-rotator sequence in which M dwarfs seem to be able to spend
several Gyrs.
gyrochronology relation calibrated for higher mass stars done by Angus et al. (2015) to estimate
ages for this sample from their rotation period and (B −V ) color, which was estimated using the
relation in Kiman et al. (2019) and mean (B −V ) color for each spectral type available online4.
The absolute value of the difference between the estimated and the true age of the star divided
4http://www.pas.rochester.edu/~emamajek/memo_M.html
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by the true age, as a function of the (G − GRP) color is shown in the left panel of Figure 5.11.
We also color-coded the stars by their true age. From this figure we note that the age estimation
is good (∆t < 0.5 Gyr), for early M dwarfs (SpT<M2) as expected. The young stars which are
shown in purple in Figure 5.11 are all over the place. This is because the rotation period depends
on the initial conditions of formation of the star, and cannot be described with a gyrochronology
relation. For the oldest stars shown in green and yellow in Figure 5.11, which do not have a
good age estimation from the rotation period, we note there are two regimes: one for which the
estimated age is higher than the true age, and one for which it is lower. In the panel on the right
of Figure 5.11, we show that the first group coincides with the slow-rotator sequence (brown five
point stars in the panel on the right, shown as five point stars in the left panel too), and the second
one with the fast-rotator sequence (green circles in the panel on the right, and show as circles
in the left panel too). This agrees with Figure 5.10 by showing that M dwarfs which are in the
slow-rotator sequence spin down faster than higher mass stars. This also indicates that the fast and
slow-rotator sequences for late-type M dwarf are different than the solar-type stars sequences. In
addition this figure shows that for M dwarfs of the same spectral type and same age, some stars
are in the fast-rotator sequence, while others are in the slow-rotator sequence. This is a similar
behaviour as the one we found for active and inactive stars according to Hα. Moreover, Newton
et al. (2017) found that all inactive stars according to Hα live in the slow-rotator sequence in the
plot of rotation period versus color, while active stars have shorter rotation periods.
In conclusion, M dwarf follow two types of sequences in the rotation period versus age space:
fast-rotator and slow-rotator sequence. The rotation period of the stars evolves different in each
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sequence. These sequences are different for late-type M dwarfs and solar-type stars. In particular,
late-type M dwarfs might spend several Gyrs in the fast-rotator sequence before converging into
the slow-rotator sequence which would make difficult to obtain an age from the rotation period,
given that the fast-rotator sequence depends on the initial rotation period. In order to calibrate the
gyrochronology relation for M dwarfs, meaning how the slow-rotator sequence evolves with time,
and to be able to use it to estimate ages from a rotation period, we need to design a method to
distinguish if a star is in the slow or fast-rotator regime. Hα might be a parameter which could be
used to distinguish between the two (Newton et al., 2017; Kiman et al., 2021; Popinchalk et al.,
2021).
Figure 5.11 Test of higher mass gyrochronology relation on low-mass stars.
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Notes: We used the gyrochronology relation for high-mass stars from Angus et al. (2015) to estimate ages of a sample
of M dwarfs from young associations (Popinchalk et al., 2021). In the left panel we show the difference between the
estimated age using rotation periods and the true age, divided by the true age as a function of the (G−GRP) color, color-
coded by the true age. We show as five point stars (in both panels) the object which are in the slow-rotator sequence.
This can be seen better in the right panel, where we show the rotation period as a function of color and distinguish the
slow-rotators as brown five-point stars and fast-rotators as green points. We found that we could estimate the ages of
early M dwarfs within 0.5 Gyr of their true age. For young stars the rotation period depends on the initial condition,
so the do not follow the gyrochronology relation. For the stars with different age estimation, we note that for stars in
the slow-rotator sequence the estimated age is higher that then true age, and the opposite for the fast-rotators.
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5.8 Conclusions
In this work we presented a method to estimate M dwarf ages which combines Hα emission
line –magnetic activity and age indicator– and 3D velocities –another age indicator– in a Bayesian
framework. This method is available with mdwarfdate, an open source Python code. We tested
mdwarfdate on simulated data and M dwarfs with known ages to test the performance of the
method. We also used mdwarfdate to estimate ages for two samples of M dwarfs: Newton et al.
(2017) and Kiman et al. (2019). Using these samples we studied the relation between LHα/Lbol
and age, and rotation period and age for M dwarfs. The conclusions of our study are summarized
below.
• We found that the relation between the active fraction as a function of age can be described
with a decreasing exponential, with a characteristic time t0 which depends on the spectral
type.
• We simulated data and compared the results of estimating ages with mdwarfdate with the
simulated ages. We found that a multi-parameter approach to the age estimation shows an
appreciable improvement than using only one parameter. In particular, we found that com-
bining kinematics and Hα does a good job distinguishing between stars older and younger
than 1 Gyr, with only a 7% contamination for older stars.
• We found that Hα is more informative about the age when the star is young, or more pre-
cisely, younger than the value of t0 for the spectral type.
• We estimated ages using mdwarfdate for a sample of M dwarfs with known ages and
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found good agreement for stars with ages < 1 Gyr and intermediate ages (1 − 2 Gyr). Older
stars show a less constrained age and the age estimation is less precise. However, the age
distributions include the true age of the star, even for old stars, which indicates that the
method is working but it need more age indicators to estimate more precise ages.
• We found that M dwarfs seem to have two regimes of magnetic activity according to our
current low-resolution sample of HαEW values: active and inactive. The transition between
the two regimes happens at different times for each individual star, though it happens around
a t0 value which depends on its spectral type. In our data this transition seems to beehive like
an on/off switch. However, we currently do not have enough information to distinguish how
long this transition takes for a single star.
• We found that the slow-rotator sequence for M3 and later types seems to show a faster spin
down than higher mass stars, and that the slow and fast-rotator sequences are different for
late-type M dwarfs and solar-type stars, in agreement with Irwin et al. (2011). In addition,
M dwarfs might spend several Gyrs in the fast-rotator sequence before converging into the
slow-rotator sequence. This means that even at old ages we find M dwarfs which are fast-
rotators.
Finally we concluded that in order to calibrate the gyrochronology relation for M dwarfs we
need to design a method to distinguish if a star is in the slow or fast-rotator regime. Based on
previous studies, Hα might be a parameter which could be used to distinguish between the two
(Newton et al., 2017; Kiman et al., 2021; Popinchalk et al., 2021), and we plan to test this in future
work.
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Conclusions and future work
The illusion is upon me that something
adheres for a moment, has roundness,
weight, depth, is completed.
Virginia Woolf, The Waves
6.1 Thesis Conclusions
This thesis focused on the study of ages and evolution of M dwarfs, the smallest and coolest
stars in the Galaxy. Several steps had to be taken to achieve this goal. During the first part of
this dissertation I collected a sample of 74,216 M dwarfs with Hα line strength measurements
from SDSS, measurements of the motion of stars through our galaxy with good precision (its
"3D kinematics") and position on the color–magnitude diagram from Gaia DR2. I found that
vertical velocity and vertical action dispersion are correlated with Hα emission. Hα line strength
is correlated with age, therefore this work confirmed that 3D kinematics is correlated as well, and
can be used as an age indicator (Chapter 2).
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During the second part of this dissertation I did the first empirical calibration of the relation
between the Hα line strength and age for M dwarfs. I compiled a calibration sample of M dwarfs
with Hα line strength measurements from the literature, and I identified if they were co-moving
with a white dwarf or in a known young association (Chapter 3). In both cases it is possible
to obtain M dwarf ages: known young associations have known ages, and I developed a tool to
estimate white dwarf ages called wdwarfdate (Chapter 4). I found that the Hα line strength
decreases with increasing age for M dwarfs and that the dependence on age changes with the
stellar mass. I also found that the active fraction of stars per bin of color changes with age.
During the third and last part of this dissertation, I estimated ages for the sample of M dwarfs
described in Chapter 2 and the sample from Newton et al. (2017), combining the relation between
active fraction according to Hα from Chapter 3, and the age-velocity relation which indicates the
relation between 3D velocities and age (Chapter 5). I developed a method that combines these
two age indicators and the color of the stars into a Bayesian framework to increase the precision
of the age estimation. I implemented this method in a code called mdwarfdate. I found that
mdwarfdate is doing a good job at estimating ages by comparing its performance to simulated
stars and to M dwarfs of known age. In addition, I used the sample with ages to study the relation
between LHα/Lbol, rotation period, and age. I found that in order to include rotation periods in
mdwarfdate to estimate ages, first a method to distinguish between fast and slow rotators is
needed, and Hα might be a good candidate.
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6.2 Future Work
We are entering a new era with current and upcoming NASA missions such as the Transit-
ing Exoplanet Survey Satellite (TESS), the James Webb Space Telescope (JWST), Zwicky Tran-
sient Facility (ZTF), and the Nancy Grace Roman Space Telescope, and ESA missions such as
CHaracterising ExOPlanet Satellite (Cheops) and the PLAnetary Transits and Oscillations of stars
(PLATO) which are expected to discover and characterize Earth-like worlds orbiting the nearest
M dwarfs. In particular, JWST is going to be launched in late 2021 and is expected to operate
for 5 − 10 years. JWST is a relatively short mission. It is therefore important to identify the best
targets to study ahead of time. As the ideal exoplanets to characterize are the ones with known
age, knowing the age of the host M dwarfs is key to taking full advantage of this legacy mission.
In addition, TESS and ZTF are currently providing hundreds of thousands of light-curves that can
be used to look for exoplanets, but that can also be used to measure rotation periods of M dwarfs.
These surveys added to the light-curves already provided by the Kepler and K2 missions. Future
surveys like PLATO and the 10-year Legacy Survey of Space and Time (LSST) from the Vera
C. Rubin Observatory which will see first light in October 2022, place us in the perfect time to
study M dwarf gyrochronology. Understanding the relation between rotation period and age, plus
the huge number of light-curves that are and will become available, make gyrochronology an ex-
tremely powerful tool to estimate ages of M dwarfs, and therefore the planets around them.
This dissertation was just the first step in building a comprehensive, robust, and precise
Bayesian inference age estimator for single M dwarfs. As described in Chapter 5, I included color,
Hα, and kinematics to the code called mdwarfdate. The next clear indicators to include in age
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estimation are rotation periods and metallicity. As a next step, I will study the relation between
rotation period, color, and age for M dwarfs. Using the rotation period measurements which are
becoming available for M dwarfs, I will design a method to distinguish between slow-rotators
and fast-rotators, and I will fit the slow-rotator sequence. One option to distinguish between
fast-rotators and slow-rotators could be to use Hα measurements. I will also combine the study of
the evolution of rotation period with studies of magnetic field strength and topology. Measuring
metallicities and magnetic fields will require high resolution spectra and telescope time which I
will start requesting as soon as I finish my Ph.D.
By combining the study of rotation periods, magnetic fields, and metallicity, and also calcu-
lating other fundamental properties such as mass and effective temperature by fitting the SDSS
spectra when possible, or from relations to photometry, I will be able to perform the most detailed
and complete model of M dwarf evolution. The sample I compiled during my Ph.D. and that I
will continue to use (Chapter 2) contains stars with spectral type from M0 to L dwarfs. Conse-
quently, with this data-driven approach I will study age indicators across the boundary between
partially and fully convective interiors. As discussed in this dissertation, hints that stellar age indi-
cators—magnetic activity and rotation periods—show a different evolution for partially and fully
convective stars was found. In the future, I will have enough information to fully characterize this
difference.
The calibration of age indicators will require precise ages for a large sample of M dwarfs.
Also, I need to identify the best targets to measure metallicity, magnetic field strength, and rotation
period. To solve this issue I will compile a sample of widely separated M dwarfs co-moving with
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white dwarfs. The next Gaia releases (DR3 during first half 2022, DR4, and DR5) will provide
radial velocities and even more precise astrometry. There are currently thousands of M dwarf-
white dwarf pairs in Gaia. With the new releases this number will not only increase due to more
faint stars and white dwarfs getting parallax measurements, but I will also be able to confirm with
good confidence that they are binaries by having precise 3D kinematics for both objects. I will
measure spectra for these stars to obtain Hα and metallicity measurements for the M dwarfs and
Teff and logg for the white dwarfs to estimate precise ages. This sample of M dwarf age calibrators
will be the biggest sample of this type of star with ages available.
This dissertation was an important first step in the development of a robust method to estimate
M dwarf ages. There is a lot of work being done to calibrate the gyrochronology relation for
M dwarfs, and to understand their evolution. These studies, the age-relations I am finding and
the data becoming available for 3D kinematics, rotation periods and metallicities are transforming
M dwarf ages in a reality. I cannot wait to continue studying M dwarfs, these small, cool, common
and extremely intriguing stars.
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A.1 Color–magnitude diagrams of young associations mem-
bers used in this study
In this section we compare the position in the Gaia color–magnitude diagram of the stars used
as members of young associations in this study, with the position of candidate members of each
young association (Gagné et al., 2018c), and empirical sequences based on bona fide members of
young association of different ages (Gagné et al., 2020). The color–magnitude diagrams for each
young association are in Figure A.1. We conclude that the stars used in this study as members are
not discarded with the color–magnitude diagrams: although some stars do not follow the corre-
sponding age sequence, they present a similar scatter as the candidate members (light blue empty
circles). More study of these systems will be needed before they are confirmed as members.
A.2 Comparison models to fit the age-activity relation
Previous studies have used the broken power-law to fit age-activity relations (See Section
3.7.2). As we are interested in the predictive power of our model, we tested the broken power-
law against polynomials of degrees 1 to 6 using a cross-validation method. In this method, we
leave one of the calibration stars out and fit the rest with one of the models we want to compare.
Then we use the fitted model to predict the value of the left out element and we calculate how close




(HαEWk − f (tk))2
σ2HαEWk
(A.1)
where HαEWk and tk are the equivalent width and the age of the excluded k-element respectively
and f represents the model being tested so f (tk) predicts the value of HαEW. The model with the
lowest score does the best job at predicting new data.
Applying the described cross-validation method with the scipy Python package (Virtanen
et al., 2020), we found that a first degree polynomial and a broken power-law had the lowest cross-
validation scores, indicating that those models can more accurately predict ages based on Hα.
Therefore we confirm the choice of a broken power-law to fit the age-activity relation.
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Figure A.1 CMDs comparing stars used as members of young association in this study with can-
didate members of each association.
(a) Taurus, 1.5±0.5 Myr. (b) ε Chamaeleontis, 3.7±4.6 Myr.
(c) TW Hya, 10.0±3.0 Myr. (d) Upper Scorpius, 10.0±3.0 Myr.
(e) Upper CrA, ∼ 10 Myr. (f) η Chamaeleontis, 11.0±3.0 Myr.
Notes: We show stars used as members of young association in this study as red circles, and candidate members of
each association as light blue empty circles (Gagné et al., 2018c). We also show a sample of field stars from Gaia
DR2 in black, and the empirical sequences based on bona fide members of young association for the ages of 10 − 15,
23, 45, 110 and 600 Myr (Gagné et al., 2020). The position in the CMD does not discard as members any of stars used
in this study.
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(g) Lower Centaurus Crux, 15.0 ±
3.0 Myr.
(h) Upper Centaurus Lupus, 16.0 ±
2.0 Myr.
(i) β Pictoris, 24.0±3.0 Myr. (j) Octans, 35.0±5.0 Myr.
(k) Argus, 40 − 50 Myr. (l) Columba, 42.0±6.0 Myr.
Notes: We show stars used as members of young association in this study as red circles, and candidate members of
each association as light blue empty circles (Gagné et al., 2018c). We also show a sample of field stars from Gaia
DR2 in black, and the empirical sequences based on bona fide members of young association for the ages of 10 − 15,
23, 45, 110 and 600 Myr (Gagné et al., 2020). The position in the CMD does not discard as members any of stars used
in this study.
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(m) Carina, 45.0±11.0 Myr. (n) Tucana-Horologium association,
45.0±4.0 Myr.
(o) Pleiades cluster, 112±5 Myr. (p) AB Doradus, 149.0±51.0 Myr.
(q) Carina-Near, 200.0±50.0 Myr. (r) Core of the Ursa Major cluster,
414.0±23.0 Myr.
Notes: We show stars used as members of young association in this study as red circles, and candidate members of
each association as light blue empty circles (Gagné et al., 2018c). We also show a sample of field stars from Gaia
DR2 in black, and the empirical sequences based on bona fide members of young association for the ages of 10 − 15,
23, 45, 110 and 600 Myr (Gagné et al., 2020). The position in the CMD does not discard as members any of stars used
in this study.
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(s) Coma Berenices, 562.0±98.0 Myr. (t) Praesepe cluster, 650.0±50.0 Myr.
(u) Hyades cluster, 750.0±100.0 Myr.
Notes: We show stars used as members of young association in this study as red circles, and candidate members of
each association as light blue empty circles (Gagné et al., 2018c). We also show a sample of field stars from Gaia
DR2 in black, and the empirical sequences based on bona fide members of young association for the ages of 10 − 15,
23, 45, 110 and 600 Myr (Gagné et al., 2020). The position in the CMD does not discard as members any of stars used
in this study.
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B.1 Ages for M dwarf rotation
In this section we show the age PDF obtained with mdwarfdate for the stars with measure-
ments of rotation periods from the MEarth survey (Newton et al., 2017) used in the analysis of
rotation period as a function of age in Section 5.7.2.
Figure B.1 Age PDF for M1 stars with rotation periods.
Figure B.2 Age PDF for M3 stars with rotation periods.
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Figure B.3 Age PDF for M4 stars with rotation periods.
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Smolčić, V., Ivezić, Ž., Knapp, G. R., et al. 2004, Astrophys. J., 615, L141
Soderblom, D. R. 2010, Annu. Rev. Astron. Astrophys., 48, 581
Soderblom, D. R., Duncan, D. K., & Johnson, D. R. H. 1991, Astrophys. J., 375, 722
Somers, G., & Stassun, K. G. 2017, Astron. J., 153, 17
Song, I., Zuckerman, B., & Bessell, M. S. 2003, Astrophys. J., 599, 342
—. 2004, Astrophys. J., 600, 1016
Spada, F., & Lanzafame, A. C. 2020, Astron. Astrophys., 636, 1
Spitzer, Lyman, J., & Schwarzschild, M. 1951, Astrophys. J., 114, 385
—. 1953, Astrophys. J., 118, 106
Stanford-Moore, S. A., Nielsen, E. L., De Rosa, R. J., Macintosh, B., & Czekala, I. 2020, Astro-
phys. J., 898, 27
Stassun, K. G., Kratter, K. M., Scholz, A., & Dupuy, T. J. 2012, Astrophys. J., 756, 47
BIBLIOGRAPHY 225
Stauffer, J. R., & Hartmann, L. W. 1986, Astrophys. J. Suppl. Ser., 61, 531
Stauffer, J. R., Hartmann, L. W., Prosser, C. F., et al. 1997, Astrophys. J., 479, 776
Stelzer, B., Marino, A., Micela, G., López-Santiago, J., & Liefke, C. 2013, Mon. Not. R. Astron.
Soc., 431, 2063
Strömberg, G. 1946, Astrophys. J., 104, 12
Taylor, M. B. 2005, in Astron. Data Anal. Softw. Syst. XIV - ASP Conf. Ser., ed. P. Shopbell,
M. Britton, & R. Ebert, Vol. 347 (San Francisco: Astronomical Society of the Pacific), 29
Taylor, M. B. 2005, in Astronomical Society of the Pacific Conference Series, Vol. 347, Astro-
nomical Data Analysis Software and Systems XIV, ed. P. Shopbell, M. Britton, & R. Ebert,
29
Terrien, R. C., Mahadevan, S., Deshpande, R., & Bender, C. F. 2015, Astrophys. Journal, Suppl.
Ser., 220, 16
Theissen, C. A., & West, A. A. 2014, Astrophys. J., 794, 146
Ting, Y.-S., & Rix, H.-W. 2019, Astrophys. J., 878, 16
Tinney, C. G., & Reid, I. N. 1998, Mon. Not. R. Astron. Soc., 301, 1031
Torres, C. A., Quast, G. R., Da Silva, L., et al. 2006, Astron. Astrophys., 460, 695
Torres, G. 2013, Astron. Nachrichten, 334, 4
Tremblay, P. E., Bergeron, P., & Gianninas, A. 2011, Astrophys. J., 730, 128
Tremblay, P. E., Fontaine, G., Fusillo, N. P. G., et al. 2019, Nature, 565, 202
Van Der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, Computing in Science & Engineering,
13, 22
Van Saders, J. L., Ceillier, T., Metcalfe, T. S., et al. 2016, Nature, 529, 181
Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Nature Methods, 17, 261
von Hippel, T., Jefferys, W. H., Scott, J., et al. 2006, Astrophys. J., 645, 1436
Walkowicz, L. M., & Hawley, S. L. 2009, Astron. J., 137, 3297
Walkowicz, L. M., Hawley, S. L., & West, A. A. 2004, Publ. Astron. Soc. Pacific, 116, 1105
Weidemann, V. 2000, Astron. Astrophys., 363, 647
West, A. A., Bochanski, J. J., Hawley, S. L., et al. 2006, Astron. J., 132, 2507
BIBLIOGRAPHY 226
West, A. A., Hawley, S. L., Bochanski, J. J., Covey, K. R., & Burgasser, A. J. 2008a, Proceedings
of the International Astronomical Union, 4, 327
West, A. A., Hawley, S. L., Bochanski, J. J., et al. 2008b, Astron. J., 135, 785
West, A. A., Weisenburger, K. L., Irwin, J., et al. 2015, Astrophys. J., 812, 3
West, A. A., Hawley, S. L., Walkowicz, L. M., et al. 2004, Astron. J., 128, 426
West, A. A., Morgan, D. P., Bochanski, J. J., et al. 2011, Astron. J., 141, 97
White, R. J., & Basri, G. 2003, Astrophys. J., 582, 1109
Wielen, R. 1977, Astron. Astrophys., 60, 263
Wilking, B., Gagne, M., & Allen, L. 2008, Handb. Star Form. Reg. Vol. II. ed. B. Reipurth (Tucson,
AZ Univ. Arizona Press., 5, 351
Williams, K. A., Bolte, M., & Koester, D. 2009, Astrophys. J., 693, 355
Winters, J. G., Henry, T. J., Jao, W.-C., et al. 2019, Astron. J., 157, 216
Wright, E. L., Eisenhardt, P. R., Mainzer, A. K., et al. 2010, Astron. J., 140, 1868
York, D. G., Adelman, J., Anderson, J. E., et al. 2000, Astron. J., 120, 1579
Yu, J., & Liu, C. 2018, Mon. Not. R. Astron. Soc., 475, 1093
Zapatero Osorio, M. R., Martin, E. L., Bejar, V. J. S., et al. 2007, Astrophys. J., 666, 1205
Zuckerman, B. 2018, Astrophys. J., 870, 27
Zuckerman, B., Bessell, M. S., Song, I., & Kim, S. 2006, Astrophys. J., 649, L115
